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ABSTRACT
The purpose of this project is to create a computational model of a precapillary arteriole
network near the optic nerve head (ONH) using computational fluid dynamics modeling
(CFD, Fluent, ANSYS, Inc.). The CFD analysis will contain a blood flow model coupled
with oxygen (O2) and nitric oxide (NO) transport and reactions. Until recently it was
believed that elevated intraocular pressure (IOP) was causal in glaucoma, however recent
studies demonstrate that glaucoma is associated with sensitivity to IOP itself. Because of this
insight, other mechanisms besides mechanical damage that could cause glaucomatous
neurodegeneration need to be explored, such as alterations in blood flow and oxygenation
due to systemic changes. Excessive NO has often been associated with glaucoma and can
cause increased vasodilation. NO has also been shown to have neurotoxic effects on the
ONH when available in excess. NO generation mostly occurs within the endothelium and is
directly related to the local oxygen concentration although there is considerable debate in the
literature about the cause of surplus NO generation. Several theories exist attempting to
explain this surplus production. One theory proposes that surplus NO is generated in
ischemic regions within the choroid, the vascular layer of tissue that provides nutrient
transport to different layers of the eye. Others suggest that the NO is produced due to
reperfusion injuries and a third proposes the failure of autoregulation may cause the surplus
NO. The relationship between these theories, IOP, and retinal ganglion cell (RGC) death
(glaucoma), are not well understood. The purpose of this CFD model is to provide a
quantitative framework for the analysis of blood flow and gas transport within the eye and to
look at the contribution of ischemic regions, reperfusion injuries, and/or the failure of
autoregulation leading to glaucomatous neurodegeneration. Concentrations and distributions
of O2 and NO will be modeled throughout an arteriole network and surrounding tissue to
predict what concentration is ultimately delivered to the ONH. This work will provide the
preliminary quantitative framework that is needed to determine the role of excessive NO
generation on glaucoma development and provide a framework for further species transport
modeling in the eye.
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Chapter 1:Introduction
1.1 Glaucoma Background
Glaucoma is a group of neurodegenerative diseases characterized by a gradual loss of vision
which can ultimately lead to blindness. The diseases are the second leading cause of
blindness in the world and are characterized by damage to the retinal ganglion cells whose
axons traverse the optic nerve head, ONH, in forming the nerve proper (Figure 1). The optic
nerve carries visual information from the retina to the brain. Once the brain processes this
information, a “picture” is produced in the phenomenon known as sight. Once ganglion cells
are injured, the damage is irreversible. The choroid plays a very important role in the eye
and lies between the retina and the sclera. The choroid also attaches to the edges of the ONH.
It is composed of layers of blood vessels that provide nutrient transport to the retina and
ONH. Without a properly functioning choroidal vascular network, the optic nerve would not
be able to transmit the electrical impulses from the retina to the brain, resulting in a loss of
sight.
Previous studies suggested that an increase in intraocular pressure (IOP) was the major risk
factor leading to glaucoma. However, new statistics show that ~ 25% of patients diagnosed
with glaucoma have normal IOP’s, which is called normal-tension glaucoma. [1] Other
studies demonstrate that glaucoma patients demonstrate a range of IOPs.
This conflicting evidence has led to other theories hypothesizing that instabilities in ocular
blood flow (OBF) around the ONH may cause nutritional deficiencies in the ocular tissue and
ultimately death of the RGCs. Some of these theories suggest that retinal ganglion cell, RGC,
death occurs through an apoptotic mechanism possibly triggered by elevated IOP, ischemia,
reperfusion/oxidative injury, failure of autoregulation, and/or an over-production of NO [2]
[3] [4] [5] [6].
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Figure 1: Anatomy of the eye. Note that the choroid surrounds the optic nerve and the
optic disk. The optic disk is another name for the ONH.
http://www.retinaaustraliansw.com.au/rp.htm

1.2 Flow Abnormalities
1.2.1 Ischemia
ONH ischemia has been shown to have a direct link to RGC death and consequently loss of
vision. Ischemia is characterized by an insufficient blood flow that is directly linked to
nutritional deficiencies in the surrounding cells [2] . These deficiencies may cause disorders
such as vasospasm, systemic hypotension resulting in the failure of autoregulation, and/or an
upregulation of many apoptotic genes that are all linked to the development of glaucoma [4].
Hypoxic tissue stress is indicated in the glaucomatous optic nerve head and retina by an
upregulation of hypoxia-inducible factor HIF-1α6. HIF-1α6 is known to trigger the
production a wide variety of genes which increase oxygen delivery and is in close proximity
to the damaged area of glaucomatous eyes [7] . HIF-1α6 also targets different nitric oxide
synthase (NOS) isoforms that can lead to the excess production of NO. Excess NO has been
reported in the retina after hypoxic injury and has been shown to dramatically increase an
apoptotic RGC response. [8] [4]
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1.2.2 Reperfusion
Reperfusion is characterized by the return of blood flow to an area of vasculature which was
previously stagnant. The causes of this phenomenon are not well understood. During
reperfusion overstimulation of reactive oxygen species (ROS) occurs, similar to HIF-1α6, to
try to maintain sufficient O2 supply to the tissue. The ROS are generated as by-products of
cellular metabolism and are essential to cell signaling and regulation. However, the
overstimulation of these species can overwhelm cells and damage macromolecules such as
DNA, proteins, and lipids. The damage process is known as oxidative stress [9]. Oxidative
stress associated with reperfusion injuries can cause excess NO and damage to the
surrounding tissue and/or ONH. [3] [4] Reperfusion injuries can also increase the damage
previously done by free radical generation and inflammatory cytokines during periods of
ischemia [10]. Zheng [3] showed that RGC death was apparent two days after a reperfusion
injury occurred despite no visual evidence of the injury. Several studies have suggested that
RGC degeneration is due to the neurotoxic effects of excess NO generation after a
reperfusion injury and the resultant oxidative stress [3].

1.2.3 Autoregulation
Autoregulation is defined as the natural ability of an organ to maintain a constant blood flow
despite changes in arterial pressure. It has been seen that at the lower end of the
autoregulatory range that this process starts to fail and pulsatile flow is seen within the
vasculature of the choroid. [5] [6] Reiner [6] showed autoregulation maintained stable blood
flow with a perfusion pressure range of 60-140 mmHg. Choroidal blood flow (ChBF) above
this range had a linear increase in resistance and perfusion pressures below 60 mmHg
resulted in the failure of autoregulation and the emergence of pulsatile flow. Liang [5] was
able to show that autoregulation failure followed the same trend in the ONH of adult rhesus
monkeys. Autoregulation was maintained between ~ 75 and 160 mmHg and pulsatile flow
developed below 75 mmHg.
The failure of autoregulation has long been assumed to be linked with primary vascular
dysregulation syndrome (PVD). Healthy patients with PVD often have reversible diffuse
types of visual effects, but in combination with glaucoma these failures are often irreversible.
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The failure of autoregulation is why it is important to avoid hypotension in glaucoma patients
since autoregulation can no longer compensate for the lack of perfusion pressure. [11]

1.3 Nitric Oxide
NO is a powerful vasodilator created in the body by O2 and the amino acid L-arginine. NO
has been a major topic of interest because of its physiological and pathophysiological roles in
the body. [12] Some of the major effects of NO are vasodilation, which directly relates to
blood flow, and indirect vasodilation through the inhibition of the vasoconstrictor influences
of angiotensin II and sympathetic vasoconstriction. NO also plays a neuroprotective role by
acting as an anti-thrombotic agent which inhibits platelet adhesion to the vascular
endothelium and aids in the prevention of smooth muscle cell proliferation. [12] [13] [14]
[15]
The creation of NO is catalyzed by nitric oxide synthase. There are three main types of NOS
that are dependent on O2 as one of the main fuel sources for NO production. Endothelial
NOS (eNOS) is found in the endothelial cells of blood vessels and neuronal NOS (nNOS) is
produced by specialized neurons within the tissue. eNOS and nNOS activation are
dependent on intracellular calcium ions, Ca2+, although some studies have shown that there
may be a non-Ca2+ pathway. [12] Ca2+ ion release is triggered by the shear stress induced on
the endothelial cells by the flow of blood. Therefore, it is possible to alter the amount of NO
production simply by increasing or decreasing the amount of flow within the choroidal
vasculature. [12] [13] [14] [15] However, during periods of ischemia, Ca2+ may not be
readily available, allowing for periods of decreased NO generation.
The third main type of NOS is called cytokine-inducible NOS (iNOS) which is produced
without the need for calcium ions and is induced within the tissue by macrophage responses
to endotoxins or cytokines. Excessive amounts of iNOS have been associated with
inflammation, septic shock, and glaucomatous neurodegeneration. [12] [13] [14] [15]
NO has also been shown to have a neurotoxic role when created in excess. [8] In retinal
ischemia, RGC death has been reported due to the involvement of iNOS when iNOS-positive
leukocytes enter the ganglion cell layer and cause their degeneration. An indirect pathway
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from NOS also causes death as a number of chemical pathways, such as N-methyl-DAspartate (NDMA) mediated intracellular Ca2+ influx and CREB-mediated transcription of
apoptotic proteins such as Bax, Bad, and Bcl-xl, are triggered resulting in RGC death. [8]

1.4 Fåhraeus effect
Robin Fåhraeus observed that the fractional volume (Tube hematocrit) of blood occupied by
red blood cells (RBCs) flowing in microvessels below ~300 µm was lower than the fraction
of RBCs in systemic blood flowing vessels. [15] This phenomena can be explained by the
RBC-free plasma layer formed as the RBC’s funnel towards the centerline of the vessels as
their diameters begin to contract (Figure 2). The phenomenon is known as the Fåhraeus
effect.
The Fåhraeus effect becomes very important when modeling microvessels due to the change
in two phase flow properties of the non-Newtonian fluid at low hematocrit levels. The
plasma layer exhibits much lower viscosities than the RBC filled lumen which allows for a
dramatic change in velocity across the small, 0-6 µm, radius of the plasma layer.

Figure 2: Velocity profile demonstrating the Fåhraeus effect. Ro is the centerline, r1
shows the edge of the lumen (RBC-filled), and r2 depicts the edge of the plasma layer
(RBC-free). [15]

In Lamkin-Kennard [15], it was proven that the Fåhraeus effect has more of an impact on the
NO bioavailability in vessels with diameters less than ~ 30 µm. The thin plasma layer also
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creates a small buffer zone across which NO has to diffuse before hemoglobin scavenging
can take place.

1.5 Previous Work
1.5.1 Previous Models
Most previous mathematical models of flow and transport have been limited by the
simplifications included in the flow and transport models. Almost all models have been
finite element analysis (FEA) representations. [12] [14] [15] [16] This type of analysis is
not as specialized as CFD for simulating complicated, complex flows. CFD analysis is not
necessarily available and simple but allows more complex geometries and flows to be
simulated. However, these earlier models have proven that it is possible to mathematically
simulate coupled O2 and NO transport and reactions within the microvasculature.

Figure 3: Reproduction of the arteriole model done by Lamkin-Kennard et al [12]. R1
refers to the radius of the lumen, while R2, R3, R4 and R5 correspond to the plasma
layer, endothelium, vascular wall, and tissue layers respectively.

Lamkin-Kennard et al [12] [14] [15] constructed the most complete FEA transport model of
the time, 2003, using a five layer simple tube geometry shown in Figure 3. A lumen, plasma
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region, endothelium, vascular wall, and tissue layer were created and each layer included
specified NO and O2 consumption and generation rates. The model included NO generation
with O2 transport as well as different NOS catalysts and superoxide dismutase. The main
conclusion from Lamkin-Kennard 2004 [12] was that the endothelial cells are the arteriole’s
main source for NO generation, however iNOS and nNOS may be able to compensate for
small lapses in NO generation from the eNOS catalyst in the endothelial lining.

Figure 4: Radial NO Profiles from eNOS generation only. Top: Reproduced from [14],
NO profiles using different hemoglobin scavenging rates at 100%, 75%, 50%, and 25%.
Bottom: NO profiles with varying tissue consumption rates ranging from .01 to 10 s-1.

In Lamkin-Kennard and Beurk [12] a more complex species transport model was created,
2004, that included the additional species superoxide, peroxynitrite, hydrogen peroxide,
nitrite, and nitrate. The model showed that NO bioavailability was greatly hindered by
superoxide consumption. A direct relationship between the amount of superoxide dismutase
and the decrease of NO was demonstrated in the simulations. Lamkin-Kennard et al further
pushed the bounds of their model in 2004 [15] and tested the effects of the thickness of the
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RBC free plasma layer, or the Fåhraeus effect. Modeling results showed that the plasma
layer may play a significant role in the bioavailability of NO to the vascular wall and
surrounding tissue. The concentration of NO in the endothelium was shown to increase
almost 2.5 times when the plasma layer thickness increased from zero to six microns. These
papers provide the framework for a full network species transport model that is needed for
determining the role of NO in glaucoma development.
Kavdia and Popel [17] [18] [19] [20] continued to advance NO transport modeling when they
created an eight layer model that separated the generic “tissue” layer of Lamkin-Kennard et
al [4] into an interstitial layer, smooth muscle layer, nerve fiber region, perivascular
nonperfused tissue region, and a capillary perfused parenchymal tissue region. Their
transport and reaction model included nNOS stimulation in the nerve fiber layer and NO
production within the capillary infused tissue layer shown in Figure 5. The inclusion and
absence of eNOS, nNOS, and iNOS catalyst terms was included similarly to LamkinKennard et al. This model was another FEM model solved using FlexPDE that only used
diffusion as source of transport, which is unrealistic when dealing with blood flow in a
network geometry.

Figure 5: Nitric Oxide profiles from Kavdia and Popel. These curves use eNOS in the
smooth muscle cells, SM, and nNOS in the perivascular nerves in the nonperfused
tissue, NPT. Left (A) shows NO production due to the variable eNOS and right (B)
shows NO production due to the variable nNOS. The solid lines show the maximum
production of NO and each line underneath decreases the production rate by 25% of
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the respective variable. Thus we can see nNOS plays a minimal roll in NO production
when compared with eNOS.

A FEM model was created by Chen and Beurk [21] in 2007 of a 3D arteriole-venule pair.
The model included a porous media tissue layer to simulate generic capillaries. This model
demonstrated the importance of the microvascular networks found in the tissue. When the
capillaries were removed, the diffusion of NO from venule to arteriole wall was not able to
provide a significant contribution of NO. When the capillary bed was added, the
concentration of NO around the venule increased significantly as shown in Figure 6.

Figure 6: Effect of capillary perfused tissue surrounding the venule and arteriole pair
on O2 transport from Chen and Beurk [21].

In 2008, Fang [16] created a 3D image-based FEM network model and investigated flow and
O2 advection and diffusion seen in Figure 7. The focus of this paper was to determine O2
concentrations within the tissue. This FEA model did not include the microvasculature of the
arteriole network, but did begin expanding the domain into a full network model. A
drawback of this model was that the model was based on the image of the vasculature in the
brain of a rat which is significantly different than the vasculature surrounding the ONH of the
human eye.
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Figure 7: Image based model of the vasculature in the brain of a rat created by Fang
(2008) and the velocity profiles, partial pressures of O2 and the vessel type.

Chen and Beurk in 2011[22] published the most recent 3D network model that also includes
NO transport in the tissue shown in Figure 8. This was the most accurate CFD model to date
and was created in COMSOL using shear stress levels to trigger NO production. This 3D
model was based on a previously published model of a hamster cheek retractor muscle, but
does not resemble the vascular network around the ONH of the human eye. The model does
use all terms of the mass transport model, convective, diffusive, and source terms including
up to date scavenging rates of the RBCs and tissue. This mode assumed sufficient O2 levels
for NO production by eNOS, therefore O2 transport process was not included in the model.
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Figure 8: (A) NO distributions showing locations of surfaces S1, S2, S3, S4 and S5. (B)
NO distribution on Surface S5. (C) Shows the NO distribution on S4, (D) shows the NO
distribution on S3 and (E) shows the NO distribution on S2 from [22].

1.5.2 Endothelial Nitric Oxide Generation Modeling
Fadel [23] created an FEA model to simulate NO production and transport of NO in a
parallel plate flow chamber. Fadel was able to show that the levels of NO production by
endothelial cells was shear-stress dependent. The model showed a two-step dependence of
the steady state NO concentration near the wall. The first step showed that in low flow there
is a washout effect of NO due to the convective transport and also a decreased generation rate
as the shear stress diminishes. The second step showed increased NO concentrations at the
wall due to higher shear stress rates causing higher NO production levels.
Andrews [24] performed an experiment measuring, in real-time, the NO produced from in
vitro endothelial cells under shear stress. Measurements were taken for shear stress values of
1, 6, 10, and 20 dyne/cm2. This was the first time such low NO levels were measured.
Andrews was able to verify Fadels [23] FEM model and proved the initial washout phase as
well as the higher production rates at higher shear stresses. Andrews model proved it was
possible to mathematically model dynamic NO production levels due to endothelial cells.
The dynamic production could play a significant role in understanding glaucoma
development when testing various flow speeds and patterns, specifically in ischemic regions.
Andrews [24] found dynamic production rates will potentially cause NO levels to vary
greatly when compared to modeling constant production rates.
11

Other studies done by Ayub et al. [25] and Liao et al. [26] have linked genetic
polymorphisms of eNOS expression to glaucoma. There are 253 single nucleotide
polymorphisms (SNPs) for eNOS listed in the National Center for Biotechnology
Information SNP database. The adjacent SNPs have been observed to be highly correlated
with eNOS expression as well. The studies by Ayub et al and Liao et al tested to see if the
overexpression of eNOS is actually associated with a genetic defect. Ayub et al [25] reported
a genetic polymorphism with glaucoma in Pakistani cohorts. Liao et al [26] found that the CT haplotype may be a genetic mark of primary open-angle glaucoma in the Han Chinese
population.

1.5.3 In Vivo Autoregulation Measurements
Reiner (2010) [6] and Liang (2008) [5] investigated ChBF during blood pressure (BP)
fluctuations seen with normal arterial BP. Reiner showed that at a BP above 140 mmHg, the
arterial resistance increased linearly while below 60 mmHg poor resistance resulted in the
failure of autoregulation. Liang also showed that autoregulation failed when blood pressures
fell below normal.
Liang used adult Rhesus monkeys in which the choroidal vasculature very closely resembles
a human, and fluctuated the IOP for the different blood pressures. The fluctuation of IOP
was not shown to have a statistically significant effect on the subject’s high blood pressure.
However, these same IOP fluctuations caused large changes in ONH blood flow in the two
lower blood pressure groups which displayed autoregulation failure. These results confirmed
the hypothesis that maintaining a normal BP in glaucoma patients is important in preventing
the further development of glaucoma due to PVD as first suggested by Flammer [11] in
2008.

1.6 Literature Summary
Most previous models simulating NO generation and the transport have been limited to
simplified geometries that lack the details and characteristics of in vivo vasculature. These
models have also been implementing FEA computer models that lack the specialization of
CFD analysis. Chen and Beurk created the first CFD model in 2007, but used a simplified
geometry of a straight arteriole-venule pair. Andrews [24] proved that the NO could be
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modeled using shear stress as the trigger for NO generation using an FEA model. Andrews
proved the model when the simulations matched the experimental data of Fadels [23] parallel
flow plate experiment. This also proved Fadels theory of an initial washout phase of NO.
An image based network model was created in 2008 [16], beginning the process of creating
realistic flow networks models representing realistic vascular systems. However, this model
continued the use of the FEA analysis techniques and only simulated oxygen transport. The
most recent 3D image-based geometry from Chen and Beurk (2011) modeled NO generation
using shear stress as a trigger for NO generation. The model by Chen and Beurk proved
significant for glaucoma research, however, the network model is strikingly dissimilar to the
vasculature around the ONH since the cheek pouch of a hamster was used as the model.
To conclude, there has been a lot of progress in glaucoma research over the last decade, but
there is a need to bring all the various results together. Many theories exist about causes of
excess NO production, and many models have been created to investigate generalized NO
transport using simple geometries. However, no models have used a network model based on
the vasculature around the ONH. Concordantly, previous work has not looked at NO
generation with the proper scavenging terms or an O2 transport model in the eye which is
necessary to evaluate the plausibility of these existing theories. There is a significant amount
of NO modeling to build off that could be applied to the eye, but has not been to date. As a
result, companies are spending money on developing drugs that may or may not reduce IOP
or increase ChBF. Many promising surgical techniques have also been developed to limit the
progression of glaucoma, however the underlying cause of this neurodegenerative disease is
not being treated at the most fundamental level.

1.7 Knowledge Gaps Related to Glaucoma
To achieve a fundamental understanding of the causes of glaucoma there is a need to create a
large image-based network flow model of the vasculature around the optic nerve head. This
model should be implemented using CFD flow modeling along with coupled O2 and NO
transport with all the proper generation and metabolism terms in place. The coupling of
species transport is important to try and simulate in-vivo reactions as closely as possible. A
number of previous models have assumed a constant oxygen concentration which may not
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always be an acceptable assumption. This model should also allow for simple manipulation
of the flow patterns, and to be able to simulate steady state, ischemic, reperfusion, and
pulsatile flow patterns. The simple manipulations would allow for the flow different
abnormalities to be simulated and a quantitative prediction of NO generation to be
completed. This analysis would present researchers information necessary to better
understand to the cause of the excess NO concentrations and provide a guidance for future
research.

1.8 Scope
The main goal of this project was to create a more complete flow and transport model
coupling O2 and NO transport in a large network flow model. A secondary goal of this
project was to show the feasibility of creating a complicated network flow and species
transport model using FLUENT. This program is often thought to be too complicated and
difficult to use for complex problems. FLUENT provides the user complete control of the
species transport and reaction with the UDS and UDF functions. Thus, this project will also
provide broad engineering application of flow and species transport. For example, other labs
at RIT could use this program to look at particle deposition and species concentrations in the
respiratory tract, and shear stress induced on RBCs in a revolutionary LVAD system.
The objective of this project was to create and validate a CFD model that coupled ocular flow
and gas transport and generation in a large, image-based network model. The project was
undertaken to create the framework necessary to compare flow patterns and chemical
concentrations in simulated healthy and glaucomatous eyes. The model allowed for
hypothesized “detrimental” flow patterns (ischemic, reperfused, and pulsatile flow) to be
simulated and the contribution of these flow patterns to glaucoma to be evaluated.
The first specific aim of the project was to complete a large image based network model of
the vasculature around the ONH. The approach was to create a large CFD network model
based on a laser scanning microscope (LSM) image of a precapillary arteriole contributed by
the University of Rochester, Department of Ophthalmology, University of Rochester Medical
Center, Rochester, NY. The CFD model was revolutionary as it was the first of its kind to
incorporate the microvasculature of the precapillary arterioles into a large network model.
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The second specific aim of the project was to develop a modeling methodology of a simple
tube transport model. User defined scalars (UDSs) and user defined functions (UDFs) were
created for each chemical species. The model was set-up to replicate Lamkin-Kennard [15] to
validate that the species transport codes were functioning correctly. Once the transport was
completed, the model was also used to determine the relationships between vessel diameter,
velocity, and tissue concentrations. The same relationships were then established using other
simple geometries such as a T junction and a Y junction.
The main and final specific aim of the project was to couple network flow and species
transport models and to simulate various flow abnormalities. The results provide a
substantial amount of potential insight into the pathogenesis of glaucoma and provide
guidance regarding the next steps in the understanding of this neurodegenerative disease.
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Chapter 2: Models
Chapter 2 describes in detail the process of creating the large network model, aim 1. This
chapter also goes into the details of setting up the species transport model in FLUENT and
the simple model geometries. The initial and boundary conditions of the simple geometries
are also explained pictorially and mathematically.

2.1 Network Model
2.1. 1 LSM Image
An image based model of a precapillary arteriole was created using laser scanning
microscope images (Figure 9) provided by the University of Rochester, Department of
Ophthalmology, University of Rochester Medical Center, Rochester, NY. The pictures are of
the choroidal vasculature of macaque monkeys affected by glaucomatous degeneration.
These primates are used as test subjects due to the remarkable similarity between their
vascular networks and that of a human. To develop the model, these images were viewed
with the LSM image browser. Once a photo was selected for the foundation of the model, it
was saved as a bitmap and opened using PAINT.net (www.getpaint.net). The program
allowed an outline to be created of the choroidal circuit as a separate layer, which was then
used as the bitmap file for the custom Matlab code.

2.1.2 Matlab
The outline was then imported into Matlab® (Natick, Mass) as a bitmap where a custom
program was used to capture the individual curves as a series of x-y points, one pixel per
point where one pixel = 1.6 µm (Figure 9). The coordinates for each curve were saved as a
text file. Each curve had to be captured individually and could not have repeating x-values
due to the limitations of the Matlab code. This means that many curves were captured as a
collection of smaller curves and stitched back together manually using Excel.
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Figure 9: Left: An LSM image of the choroidal vasculature of a glaucomatous macaque.
Right: An outline created to capture the curves using Matlab.

2.1.3 Excel
Each text file containing the curve points was opened in Excel and plotted to affirm there
were no outlying points. Many curves had to be manually smoothed due to the large percent
error created by using a bitmap grid as a point system for generating the curves. Many
curves appeared to oscillate ± 1.6 microns which created an accordion like section within the
vasculature. The sharp edges would never be found in vivo and thus needed to be smoothed
out for a more realistic network to be created. The curves were smoothed by creating an x-y
plot in Excel with the pixel locations and removal the outlying points. If the plot still did not
appear smooth, points were added back into the data set manually to create a smooth curve.
Figure 10 shows the oscillating curve before and after smoothing.
Unsmoothed

Smoothed

Section

Section

Figure 10: Left: Shows the pre-smoothed oscillation on a section curve. Right: Shows
the same curve after the smoothing process.
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Many individual curves also had to be manually stitched back together. Each curve was
combined into a single x-y profile and any overlapping sections were deleted. Each curve
also had to be placed in proper sequence or large discontinuities were seen. Once combined,
an additional manual smoothing operation was repeated to ensure consistency with in vivo
geometries. Finally, a z-dimension of zero was added to each point to fit the form of the x-yz coordinate system needed to import the curves into SolidWorks® (Concord, Mass). All
coordinates were saved in a .txt file and imported into SolidWorks.

2.1.4 SolidWorks
Once a curve was imported into SolidWorks, a splined centerline was drawn. The centerline
was used as the path for a swept base while the imported curve was used as a guide curve.
This allowed for the radius of the section of vasculature to vary with respect to the estimated
centerline. Only one side of each curve was used as a guide curve, creating a radially
symmetric model normal to the centerline as seen in Figure 11.
The curves were imported from largest to smallest, with respect to the radius of the section of
vasculature, to make the creation of a continuous model much simpler. Importing in this
order made it easy to see that the end of the generated curve was completely encased in the
previously generated larger curve. If the curve was not imported in sequence and not
encased, the correct sweep and corresponding guide curve had to be relocated and edited. An
additional point or series of points had to be placed onto the guide curve .txt file extending
the end into the larger section of vasculature. The curve then needed to be re-imported and
the sweep repeated until the proper position was achieved. Once all the curves were created
the finished part file was saved as an IGES file (.igs) and imported into Gambit.
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Figure 11: 3D model of the vasculature in Solidworks.

2.1.5 Gambit
Once in Gambit, the model was split down the center x-y plane and the remaining faces were
deleted. This new face, the x-y plane, was used for the 2D model. The amount of memory
needed for the 3D network model exceeded the capability of the lab computer and therefore,
the 2D model was used. A boundary layer was set at the internal edges to increase the
accuracy along the wall. The mesh had to be created from the outside inward such that the
sections with no branches coming off were meshed first. The sections that these branches
flowed into or received flow from were then meshed and so on (Figure 12). The mesh was
created with a boundary layer along the entire length of the model walls. The first row had
an interval size of 0.05 μm with a growth factor of 1.1. The boundary layer thickness
consisted of 8 rows with internal continuity. The lumen faces were meshes using an interval
size of 0.5μm and a quadrilateral submap meshing scheme. The interval size method creates
the number of nodes by dividing the length of the wall by the specified spacing interval. If
the number of nodes is not an integer Gambit will round up to the nearest whole number. The
final mesh consisted of 387492 quadrilateral cells. The mesh was imported into FLUENT®
(ANSYS, Canonsburg, Pa) for computational analysis.
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Figure 12: A 2D meshed model of the flow network in GAMBIT

2.1.6 FLUENT
CFD analysis was performed using FLUENT. The fluid specified was a user created fluid
exhibiting blood properties. The model was scaled from meters to microns and a scaling
factor of 1.6 μm/pixel was specified to match the scaling of the LSM image. The pressure
inlet was set to have an initial velocity of 6 cm/s [28]. Defining the pressure inlet finished the
creation of the large 2D image-based network model of the precapillary arteriole network
located around the ONH (Figure 13). A 3D model could easily be created using the same
steps if a sufficient computational resource were available to run the CFD calculations.

Figure 13: A velocity contour plot of the 2D flow network in FLUENT.
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2.2 Transport and Reactions
2.2.1 General Mass Transport in FLUENT
To simulate mass transport, the UDS and UDF tools built into FLUENT were used. The
UDS function used the general mass transport equation as defined by FLUENT:
(1)

The general mass transport equation as defined by FLUENT where Φ represents the
dependent variable, Γ represents the diffusion coefficient, and F represents the convection
term ρU. S represents the user defined source term created in C++.
The UDS function within FLUENT allows the user to create up to 50 species for transport
and allows the user to simulate convective as well as diffusive properties of each chemical
species. Transport properties can be adjusted for each cell zone and model layer. Only two
species were used in this study, specifically oxygen and nitric oxide.
The UDS is a way to create a species concentration and have the benefit of specifying
different diffusion coefficients for different solid and fluid materials used in the simulation.
The convective term is also defined by the user as well as the boundary conditions on the
wall, inflow and outflows or pressure inlets and outlets.
One powerful FLUENT capability is that a UDF source term can be created for each species
reaction term and layer. This allows the user to code in C++, using predefined macros in
ANSYS, to greatly simplify coding the species reaction terms for each individual layer.
There are 18 general purpose UDF macros and 13 discrete phase modeling macros
predefined by FLUENT allowing the user to easily modify properties of the UDS. The
macros used in this study were the source term and profile macros. The source term macro
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was used to create the Michaelis-Menten reaction terms while the profile was used to create
the pulsatile flow velocity profile.

2.2.2 Chemical Reaction Source Terms
For the source terms, a UDF was created for each species reaction and individual model
layer. The UDF were based on Michaelis-Menten reaction kinetics model that was
implemented for simplicity and ease of manipulation. The basis of this model is that the
reaction rate is related to the concentration S of the species. The Michaelis-Menten kinetics
general equation can be seen in Equation 2.
(2)

V

Vmax S
Km  S

Where V is defined as the reaction rate, Vmax is the maximum rate of reaction, and Km is the
substrate concentration where the reaction rate V is at half of Vmax. The values used for Vmax
and Km were previously specified by Lamkin-Kennard et al [12] [14] [15] and can be seen in
Table 1.

2.2.3 Simple Models
2.2.3.1 Tube Model
A five layer (lumen, plasma region, endothelium, vascular wall, and tissue) axially
symmetric straight tube model was first created for simplicity and preliminary studies. Each
layer had a UDS term for each of the chemical species as defined by Lamkin-Kennard [12].
The results from that paper were replicated in order to verify that the UDS codes were
working correctly.
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Figure 14: Simple 5-layer tube model from Lamkin-Kennard [12].
2.2.3.1 Five Layer Model
2.2.3.1.1 Lumen (Fluid)
The first layer, the vessel lumen, was defined with a radial distance of 50 µm. Flow in this
layer was modeled as slug flow, with zero shear stress on the wall. Slug flow was simulated
to mimic the Fåhraeus effect in which the red blood cells (RBCs) bunched up around the
centerline due to the Fåhraeus effect. NO and O2 were subjected to both convective and
diffusive transport. The lumen layer included the scavenging of NO due to reactions with
hemoglobin in the RBC’s. The hemoglobin scavenging rate λb, was taken from Chen and
Beurk (382.5 s-1) [22]. The mass transport equation with the hemoglobin scavenging source
term (Equation 4) can be seen in Equation 3.
(3)
DNOb d dC NO
(r
)  b C NO  0
r dr
dr
(4)

b  k b C Hb
In Equation 4, the NO hemoglobin scavenging source term, Λb is the reaction source term
where kb is the hemoglobin scavenging rate and DNOb is the diffusion rate of NO in blood.
2.2.3.1.2 Plasma (Fluid)
The next layer built into the model was a thin plasma layer. The plasma layer was an RBC
free layer and was present to simulate the Fåhraeus effect. This layer was assumed to have a
constant two µm thickness which acted as a buffer zone for the hemoglobin scavenging of
NO. The plasma layer allowed NO to diffuse into the fluid flow without being immediately
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consumed by the RBC’s. To simulate the fully developed velocity flow profile, a no slip
condition was imposed at the outer edge and a constant shear stress of zero was set at the
inner edge. NO and O2 were subjected to both convective and diffusive transport but
chemical reaction UDF’s were not needed in this layer.
2.2.3.1.3 Endothelium (Solid)
The third concentric layer modeled, the endothelium, was the first solid layer in the model.
The endothelium was assumed to be two µm thick and included both O2 and NO reactions.
The creation of NO was coupled to the bioavailability of O2. The Michaelis-Menten NO
production rate RNO was defined in Lamkin-Kennard [12] and can be seen in Equation 5. The
mass transport equation with an O2 consumption source term in the endothelium is seen in
Equation 6.

RNOe  (

(5)
R NOmax CO2

CO2  K m,eNOS

)

(6)
DO 2 e d dCO2
(r
)  RNOe  0
r dr
dr
(7)
DNO e d dC NO
(r
)  RNOe  0
r dr
dr
Equation 7 is the NO mass transport equation in the endothelium with a NO generation
source term where RNOe is the generation rate of NO in the endothelium while DO2e and
DNOe are the diffusion coefficients of O2 and NO in the endothelium. NO generation was
assumed to be uniform within the endothelium and dependent on the O2 concentration as well
as the eNOS Michaelis-Menten reaction rate, km. Again these values were taken from
Lamkin-Kennard [12]. The general mass transport for O2 and NO in the endothelium can be
seen in Equations 6 and 7.
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2.2.3.1.4 Vascular Wall & Tissue Layer (Solid)
The fourth and fifth layers, the vascular wall and tissue, had thicknesses of 9 and 100 µm
respectively. The concentration equations were identical for the different layers and the NO
concentration was calculated by solving Equation 8. Equation 8 shows the NO mass
conservation equation with an NO generation source term and a smooth muscle cell NO
scavenging source term. This was calculated within the vascular wall and tissue.
(8)
Dt d dCNO
(r
)  t CNO  RNOe  0
r dr
dr
(9)

RNOe  (

R NOmax CO2
CO2  K m,eNOS

) And t  k sGC C sGCt

The left side of Equation 9 shows the NO generation term for the vascular wall and tissue
layer. This term is typically zero unless iNOS or nNOS is present. The right side of equation
9 shows the scavenging rate of sGC for the vascular wall and tissue layer. In equations 8 and
9, the λt term, right side of Equation 9, represented the NO scavenging by soluble guanylate
cyclase (sGC) found in the vascular smooth muscle cells. The rate of sGC scavenging (10 s1

) was also taken from Chen and Beurk [22]. The production rate of NO was zero in this

layer unless other NOS, iNOS or nNOS forms were present. A modified O2 mass
conservation equation to incorporate Henry’s law of partial pressures and a maximum O2
consumption rate to use the inhibitory effect of O2 consumption with NO concentration is
seen in Equation 10. Equation 11 shows the Michaelis-Menten reaction term for the reverse
inhibition of O2 consumption by NO.

(10)
DO 2 S O2 d
dPO 2
PO 2
(r
)  Qmax
0
r
dr
dr
PO 2  AppK m

(11)
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AppK m  Km(1 

C NO
)
27 nM

Equation 10 and 11 incorporate Henry’s Law of partial pressure and take into account the
concordant oxygen solubility, SO2. AppKm represents the inhibitory effect of NO on O2
consumption and increases linearly with NO. Qmax represents the maximum rate of O2
consumption and was the only difference in the mathematical representation of the two
layers.

Figure 15: Section of the axial symmetric simple tube model. Blue depicts the solid
layers while red depicts fluid layers. All dimensions are in microns.

Figure 15 shows a section of the 2D axially symmetric tube model created for FLUENT with
the different layers labeled. Flow and reactions were simulated with an axis-symmetric
condition at the bottom of the lumen as the axis. All dimensions were in microns, mimicking
the model used by Lamkin-Kennard [12]. The three blue sections represent solid areas with
no blood flow. The two red sections represent fluid areas where convective transport occurs
for both chemical species. Table 1 below shows the constants used in the model.
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Table 1: Parameters used in the model.
Definition
Value
Units
Vessel Geometry
762.5

μm

50

μm

2

μm

Endothelium

2

μm

Vascular Wall

9

μm

Tissue Thickness

100

μm

Hematocrit

45

%

Solubility Coefficient

1.3

μM Torr-1

Vessel Length
Lumen Diameter
Plasma Layer
Thickness

Diffusion Coefficients
O2

2800

μm2 s-1

NO

3300

μm2 s-1

Maximum O2 Consumption (Qmax)
Vascular Wall

5

uM s-1

Tissue

50

uM s-1

382.5

s-1

10

s-1

54

μM s-1

Hemoglobin
Scavenging of NO
(λb)
Tissue Scavenging of
NO (λt)
Maximum eNOS
Production (RNOmax)

Km for O2Dependent NO Production
eNOS

4.7

Torr

iNOS

3.8

Torr

nNOS

15

Torr
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2.2.3.2 T-Geometry

Figure 16: The dimensions and layers of the T-geometry model created for FLUENT.
All dimensions are in microns and red represents the fluid sections while blue indicates
the solid sections.

The second model tested was the T-Geometry, Figure 16, which was created to maintain the
five layers of the simple tube model seen in Figure 15. This was created to simulate a 90
degree bifurcation in the vascular network. The layered structure allowed for the ease of
implementation of the UDF reaction terms that had already been created. The UDF source
terms were imported into this new geometry and functioned correctly without any
manipulation of the equations. This model was created in 2D with a symmetric boundary
condition along the bottom of the lumen.
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2.2.3.3 Y-Geometry

Figure 17: The dimensions and layers of the Y-geometry model created for FLUENT.
All dimensions are in microns and red represents the fluid sections while blue indicates
the solid sections.

The third model tested was the Y-Geometry, Figure 17, which again maintained the five
layers of the previous geometries tested. Maintaining the layers allowed for simple
implementation of the UDF reaction terms that had previously been created and simulated in
the Tube and T-geometries. The Y-model was created in 2D with a symmetric boundary
condition along the bottom of the lumen. The Y-bifurcation consisted of a 45° angle.
2.2.3.4 Table of Equations
The Tube model was simulated using an axis symmetric boundary condition and the
equations were in cylindrical coordinates. The mass transport equation was converted to
rectilinear converted to rectilinear coordinates for the T and Y-geometry models as well as
the layered network model. The conversion was necessary because an axis symmetric
boundary condition could not be imposed due to the bifurcations. Table 2 lists the mass
transport equations solved by layer for both O2 and NO.
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Table 2: Transport equations with the source terms solved in the X and Y direction for
each layer.
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2.2.4 Boundary Conditions

Figure 18: Boundary conditions specified in FLUENT. Flow will move from left to right
via the pressure inlets 1 and 2.
2.2.4.1 Lumen Boundary Conditions
The lumen had four different boundary conditions associated with it as shown in Figure 18.
The bottom of the rectangle was designated as a symmetry boundary condition, therefore the
radial symmetry of the tube allowed a simple 2D face to be used. A zero shear stress
condition was thus imposed on the bottom wall,   0 , to allow the max velocity of the
parabolic profile to be at the centerline. For the UDS boundary condition, the symmetry
condition means that there is zero flux in the y-direction across the boundary which is
modeled using Equations 12.
(12)

 D0

dC 0
 0 &  D1 dC1  0 .
dy Lumen
dy Lumen

The top, outer edge, of the lumen was modeled as a coupled-wall with a boundary condition
that allowed UDS flux out to equal the UDS flux into the plasma layer such that

 Dn

dCn
dCn
 Dn
(Table 2). The coupled wall condition allowed for the flow field
dyLumen
dy plasma

boundary conditions in the lumen to be different than the wall boundary condition for the
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field flow in the plasma layer. There was a no slip condition, u=v=0, on the upper wall to
create the parabolic velocity profile.
The left side was designated as the pressure inlet, which allowed for a constant pressure to be
imposed on the left side of the lumen which generated the velocity profile in the lumen.
The pressure inlet was also used to input the UDS concentrations. The UDS boundary value
was specified allowing the concentration to be constant at the pressure inlet. The right side
of the lumen was designated as a pressure outlet with gauge pressure. The UDS
concentrations were calculated at the pressure outlet.
Table 3: Equations simulating the boundary conditions of the lumen.

2.2.4.2 Plasma Boundary Conditions
For simplicity, the plasma layer was modeled as a solid but still maintained the 2 μm NO
diffusion buffer from the Fåhraeus effect for RBC NO consumption. The upper and lower
edges of the plasma layer were modeled as walls and used the same conservation principle as
applied between the lumen and endothelium wall: flux in is equal to flux out. For the lower
wall, the flux into the plasma layer was equal to the flux out of the lumen. On the upper
wall, the flux out of the plasma layer was equal to the flux into the endothelium (Table 3).
These fluxes are represented mathematically in Equations 13.
(13)
 Dn

dCn
dCn
 Dn
dyPlasma
dyEndothelium

 Dn

dCn
dCn
 Dn
dyLumen
dy plasma

Table 4: Equations simulating the boundary conditions of the plasma layer.
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The left and right edges were modeled with a symmetry boundary condition which
maintained 0 UDS flux across the wall and created a 0 UDS gradient in the x-direction.

2.2.4.3 Endothelium Boundary Conditions
The upper and lower bounds of the endothelium were modeled using wall conditions with
continuity at the boundary, such that flux in = flux out. The lower wall was modeled by
setting the flux out of the plasma equal to the flux into the endothelium and the upper wall
was modeled as the flux into the vascular wall equal the flux out of the endothelium (Table
4). These fluxes are represented mathematically in Equations 14.
(14)

 Dn

dCn
dyEndothelium

 Dn

dCn
dyVascularWall

 Dn

dCn
dCn
 Dn
dyPlasma
dyEndothelium

The left and right side were modeled as symmetry boundary conditions so that there was no
UDS gradient in the x-direction across the designated boundaries. This boundary condition is
represented mathematically in Equation 15.

 Dn (

(15)
dCn

dxEndothelium

)0

Table 5: Equations simulating the boundary conditions of the endothelium.
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2.2.4.4 Vascular Wall Boundary Conditions
The upper and lower bounds of the vascular wall layer were modeled using continuity of
flux. The lower wall was modeled by setting the flux out of the endothelium equal to the
flux into the vascular wall. The upper wall was simulated by setting the flux out of the
vascular wall equal to the flux in the tissue layer (Table 5). These fluxes are represented
mathematically in Equations 16.
(16)
 Dn

dCn
dyVascularWall

 Dn

dCn
dyTissue

 Dn

dCn
dyEndothelium

 Dn

dCn
dyVascularWall

The left and right side were modeled using symmetry boundary conditions which did not
allow for UDS flux in the x-direction across the designated boundaries. The symmetric
boundary condition is represented with equation 17.

 Dn (

(17)
dCn
dxVascularWall

)0

Table 6: Equations simulating the boundary conditions of the vascular wall.
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2.2.4.5 Tissue Boundary Conditions
The tissue layer was modeled using a wall condition with zero flux on the upper bound. This
restricted the diffusive area of the entire model to a maximum of 163 microns in the y
direction from the centerline. The lower bound had a matching flux condition, where the
flux out of the vascular wall was equal to the flux into the tissue layer (Table 6). The fluxes
are represented in Equations 18.
(18)
 Dn

dCn
dyVascularWall

0

 Dn

dCn
dyVascularWall

 Dn

dCn
dyTissue

The left and right sides had a symmetry condition which only allowed the UDS concentration
to change in the y- direction.
Table 7: Equations simulating the boundary conditions of the tissue.

2.3: Layered Network Model
2.3.1 SolidWorks
The SolidWorks model described in section 2.1 was used as the platform to generate a
layered network model. However, the complexity of the previous model would violate some
of the assumptions made such as the constant thickness of the vascular wall, (nine µm). One
example is a section of lumen with a maximum distance of 5 microns between another
section of lumen. This would not allow for the plasma layer, endothelium, and vascular wall
layers to be created. Therefore, only the main lumen section and 12 branches were used for
the layered network model (Figure 19). This proof of concept was designed to show that it is
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possible to create a relatively simple layered model which could provide the foundation for a
more complex layered model in the future.

Figure 19: Simplified network model.

To create the layers in the network, a sketch was created in the front plane which split the
model down the x,y plane. The outer line of the section of vasculature to be layered was then
offset. In the simple models the thickness of the plasma and endothelium was 2 μm and the
vascular wall was 9 μm. To maintain this thickness the offset values had to be divided by 1.6
to compensate for 1 pixel being equivalent to 1.6 μm. Therefore, the offset values used for
the creation of the layered network model were 1.25 and 5.625 μm.
Once the offset was created, a swept base was used as described previously in the creation of
the network model in Section 2.1. The same centerline used to section the vasculature was
used and the new offset curve was used as the guideline. The merge result option for the
swept base was unchecked so that the layers did not appear as one volume when imported
into Gambit. If this was not unchecked, only the outer most edge would be seen in Gambit
and the multiple layers inside would have seemingly disappeared.
The tissue layer was not created in SolidWorks using an offset. The tissue layer does not
have a relatively constant thickness in-vivo, rather it fills the gaps between the vasculature.
The creation of the tissue layer was created later once the model was imported into Gambit.
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2.3.2 Gambit
The completed layered (plasma, endothelium, vascular wall) model was imported into
Gambit as an .iges file. The model was then split down the center and all remaining
volumes and faces were deleted to create the 2D model. The 2D faces were then deleted
leaving all lower geometry. The lines were split at each intersection allowing for the creation
of continuous faces of the lumen, plasma, endothelium, and vascular wall as seen in Figure
20. The faces were then recreated and the faces were categorized into the correct cell zones
as seen in Figure 21.

Figure 20: 2D layered network model in Gambit.

Figure 21: The layered network model showing the fluid layers in red, the endothelium
and vascular wall in blue, and the tissue layer in black. Note that both blue and black
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correspond to solid layers. The right side of the model is the pressure inlet which
creates the flow from right to left.

The tissue layer was not created using an offset of 100 microns from the vascular wall. This
was because the constant thickness is simply unrealistic when compared with in-vivo
geometries. The tissue layer fills the gaps between branches despite thickness and shape.
FLUENT does not allow velocity or pressure outlets to be set next to solid cell zones.
Therefore, the tissue areas were created by connecting the points of the vascular layer that lie
on the same plane as the pressure outlets and the pressure inlet. Some locations had to be
offset as to not intersect protrusions of the vascular wall. The tissue layer can be seen by the
black sections in Figure 21. The lumen, plasma layer, endothelium, and vascular wall were
meshed with 40378, 12027, 12102, and 40137 quadrilateral cells respectively. The tissue
layer was meshed with 120149 mixed cells, quadrilateral and triangular, due to the irregular
shape of the tissue faces. The interval spacing ranges from 0.5 to 1.35 μm creating a range of
resolutions of 0.25 to 1.8225 μm2. The completed grid was exported into FLUENT for CFD
analysis.

2.3.3 FLUENT
Once the mesh was imported into FLUENT, the mesh was scaled at 1.6e-6 to change from
meters to microns and so that one pixel equaled 1.6 microns. The grid was checked for skew
violations and the boundary conditions used in the simple models were then imported into the
layered network model for consistency.
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Figure 22: Velocity contour plot of the 2D lumen in the layered network model.

A pressure was set into the pressure inlet boundary condition and the velocity contour plot
was generated (Figure 22).

2.3.4 C++ Source Terms
The source terms were created with a UDF using a predefined macro called
DEFINE_SOURCE (name, c, t, dS, eqn), seen in Figure 23. FLUENT has defined this
macro to specify custom source terms for the different transport solvers within the program,
including the UDS. The name is specified by the user and will be visible within the cell zone
UDF arguments after the code is compiled or interpreted. The variable t is a pointer to the
cell thread and c is the cell to which the source term will be applied. dS is an array specifying
the derivative of the source term with respect to the dependent variable of the transport
equation. This derivative may be used to linearize the source term which may enhance the
stability of the solver. Eqn denotes the equation to be returned as the source term value.
The DEFINE_SOURCE macro did not need a loop as the macro automatically calculated the
source term for each cell within the specified cell zone.
The UDF C++ code also uses the predefined variable for the UDS concentrations. The
variable C_UDSI(c,t,i) was used in the equations to denote the UDS species. t and c defined
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the thread and cell as before where i denoted the UDS number where 0 represented oxygen
and 1 was nitric oxide.
The source term RNOe, Equation 6, was coded using C++ and can be seen in Figure 23. To
avoid any confusion with the scalar indices, 0 and 1, the numbers were reassigned as oxygen
and NO which can be seen on lines six and seven of Figure 23. The constants RNOmax,
KmeNOS, and AlphaT were defined in lines 15, 16, and 17 respectively. The equation was
replicated in line 26 for NO generation and the value was returned in line 28 to FLUENT as
the generated value. The O2 consumption term was calculated and converted to Torr in line
37 and returned to the mass transport equation in line 39.

Figure 23: The C++ code for the RNOe Source terms for NO generation and O2
consumption in the endothelium.
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The RBC scavenging source term, Equation 4, was coded in the same process and can be
seen in Figure 24. Line 77 defined the Λb, RBC scavenging rate, as a constant 382.5 –s. In
line 84 the full equation was defined and was returned as the source term in line 86.

Figure 24: C++ coding for the RBC scavenging, Equation 4, source term in the lumen.

The vascular wall NO consumption source term, Equation 9, was replicated in C++ in line
103 of Figure 25 using a NO scavenging rate constant, λvasc, of 10-s, defined in line 96. The
O2 source term, right side of Equation 10, was defined in line 120. The AppKm constant,
Equation 11, was put directly into the equation, but was noted in line 118. The constants Km,
Qmax, and Cref for the vascular wall were defined in lines 109,110, and 111 respectively.
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Figure 25: C++ code for the NO generation and O2 consumption in the vascular wall.

The tissue layer NO consumption source term, Equation 9, was replicated in C++ in line 103
of Figure 26. An NO scavenging rate constant, λtissue of 10-s , defined in line 131. The O2
source terms, Equation 10 and 11, were defined in line 155. The constants Km, Qmax, and Cref
for the vascular wall were defined in lines 144,145, and 146 respectively.

42

Figure 26: C++ code for the NO generation and O2 consumption in the tissue.

2.3.5 Initial Conditions
2.3.5.1 Steady - State
The steady-state solution was completed by allowing FLUENT to repeat the iterations until
the dependent variables converged to a solution independent of a time step. The study used
the pressure inlet, which allowed for the input of a pressure, in Pascals, to exhibit a constant
driving force for the flow field. The pressure was set to create velocities of 6, 3, 1, and 0.15
cm/s in the lumen to simulate multiple velocity profiles.
The UDS was set to “Specified Value” for UDS-0, O2, and a UDS boundary value was input
at 80 Torr. These simulations used the partial pressure of the oxygen, PO2, as a constant at
the pressure inlet. Convergence was monitored for the velocities in the x and y directions.
The UDS convergence and the continuity were also monitored to ~ 1e-16.
The plasma layer pressure inlet had the same defined properties as the lumen, however there
was no UDS concentration input. The pressures that were input created velocity profiles
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with maximum velocities of six, three, and one cm/s. This allowed for a wide range of flow
profiles to be simulated.
2.3.5.2 Ischemia
Simulating ischemia was also required to test the possibility of the flow abnormality causing
elevated NO. The UDS concentrations for the lumen, plasma, endothelium, vascular wall,
and tissue layer had to be written separately from the steady state solution. The separate
UDS data was required to simulate the sudden cessation of flow within the lumen while still
containing species concentrations. The cessation of flow can be represented mathematically
by the general mass transport equation with the convective term going to zero as seen in
Equation 19.
(19)


 xi , j

( ui , j C0  D0

C0
C0

)  S 0L  0 
( D0
)  S 0L  0
xi , j
 xi , j
xi , j

The ischemic simulation was completed using the interpolate function in the File dropdown
menu. The interpolate data options were selected as write data and the variable fields were
selected as UDS-0 and UDS-1, Oxygen and Nitric Oxide. The cell zones were listed in
alphabetical order and therefore endothelium was selected as the first cell zone. The file was
written and saved and this process was repeated for every remaining cell zone (lumen,
plasma layer, tissue layer, and vascular wall).
The pressure inlets and outlets were set to symmetry to allow for the fluid to be stagnant and
emulate an ischemic region where flow had suddenly been blocked. The symmetry boundary
condition also eliminated any initial conditions which could add UDS concentrations. When
the pressure inlet and outlet conditions were changed to symmetry, FLUENT indicated that
the x and y velocity profiles have converged and stopped the simulation because there is no
velocity change. To avoid the calculation complete window in FLUENT, the monitors for x
and y velocities must be turned off or the 0 change in velocity would satisfy the convergence
condition. To decrease the calculation time, continuity was also turned off so the UDS
concentrations were the only remaining convergence terms.
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The solution was then initialized and the cell zone concentrations were restored onto the
nodes using the written interpolated files. Run was hit six times because the first five
iterations do not contain the UDS function and therefore, solution converged window would
repeatedly come up on the screen.
2.3.5.3 Reperfusion
To simulate reperfusion the UDS concentrations were written from the ischemic simulation.
The interpolation steps were repeated to write the UDS concentrations at each cell. The
lumen and plasma pressure inlets were restored and then adjusted to resume the original
velocity profiles and UDS concentration. Readjusting the pressure inlet involved reapplying
the pressure that was used previous to the ischemic simulation and setting UDS-0 to a
constant 80 torr. The reapplication of the velocity term can be shown mathematically by the
mass transport equations convective term going from zero to non-zero as seen in equation 20.


 xi , j

( D0

C0
)  S 0L
xi , j

(20)
C0

0
( u i , j C0  D0
)  S 0L  0
 xi , j
xi , j

The pressures at the inlets and the UDS concentration at the lumens pressure inlet were
replaced to simulate blood flow returning to the vascular network carrying oxygen from the
lungs. The simulation was then initialized and the UDS concentrations interpolated back
onto the nodes.
2.3.5.4 Pulsatile Flow
To create the pulsatile flow profile a sinusoidal curve with a constant offset was used as the
foundation of the velocity profile. The mathematical representation of the profile exhibits the
form of Equation 21 that
(21)

V  vx  A * sin(w * t )
Where V is the total velocity and vx is the offset from zero or the center point of the
sinusoidal curve. The νx offset was calculated by the mean of the peak systolic and the end
diastolic velocities. A is the amplitude of the sinusoidal curve or the peak deviation from the
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center point of the function and was calculated as one half of the difference of the peak
systolic and end diastolic velocities. The ω is the angular frequency and specifies the number
of oscillations per second of the function in radians. T represents the time at which the
function is being evaluated.
The values for the peak and end velocities come from Deokule et al [27] with a peak systolic
velocity of 0.14 cm/s and an end diastolic velocity of 0.022 cm/s. The pulse rate was taken
from K. Polak et al [28] with 64.9 beats per minute, bpm, which reduces to ~ 1.082 beats per
second. The bpm rate means that an entire sinusoidal cycle needs to take place in ~ 1.082
seconds
The mean (νx) was calculated using the velocities yielding a value of 0.00081 m/s. The
amplitude, A, was calculated to be 0 .00059. The angular frequency was calculated using
equation 22 and 23. Equation 22 calculated the angular frequency in radians/second while
Equation 23 calculates the frequency using the period, or time for one cycle.
(22)

  2f
(23)

f 

1
T

The period was calculated to be 1.0817 seconds and the angular frequency was calculated to
be 5.8088 rad –s. An estimate of the time step was made to be 0.054083 so that 20 time steps
would complete a full cycle. 60 time steps, or three periods, were simulated and the velocity
profile can be seen in Figure 27.
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Figure 27: Pulsatile profile vs time for three cycles from the calculated values.

The velocity profile was created with a UDF using a predefined macro called
DEFINE_PROFILE. This macro was used to define a custom velocity boundary profile that
varied with time. The arguments for the macro are name, t, and i or DEFINE_PROFILE
(name, t, i). The name is again defined by the user and was defined as Pulsatile as can be
seen in Figure 28 line 11. t was again a pointer thread passed through FLUENT and i was
the index identifying the variable that is to be defined. The position was used in this code and
can be seen in line 11. The utility Current_Time was used to look up the flow time and was
assigned to variable t. An f loop, or face loop, was used to calculate the velocity at all faces
on the boundary.
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Figure 28: C++ code for the pulsatile velocity profile.

The code was hooked to the velocity inlet boundary condition and the calculation was set to
transient. A surface monitor was created on the velocity inlet so that a plot could be made of
the area-weighted average of the velocity vs. time. The time step was set to 0.054083 and a
maximum of 1000 iterations per time step was used. The velocity vs. time plot can be seen in
Figure 29. Figure 29’s profile identically matches the velocity profile created in Figure 27.

Figure 29: Pulsatile velocity profile created in FLUENT.
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Chapter 3: Simple Model CFD
3.1 Grid Independence Study
3.1.1 Tube Model
3.1.1.1 Velocity

A grid independence study was completed using velocity as the test variable and a no slip
condition at the walls. The mesh was refined from an interval spacing of 9.25 to 0.45 μm.
The spacing numbers also corresponded to 410 cells to and 187479 cells within the lumen.
The velocity was taken along the height of the lumen at three-fourths the length of the vessel.
The three-fourths length was used to allow the entrance length to be passed and the fully
developed velocity profile to be used. The percent difference was calculated from the
smallest interval spacing.

Figure 30: Percent difference between the velocity and the corresponding number of
cells. The red circle encloses the point corresponding to the 2 μm interval spacing or the
9525 cell grid. This was selected as the interval spacing for the entirety of the tube
model.

The red circle in Figure 30 encloses the percent difference between a 187479 cell mesh and a
9525 cell mesh of ~2.6 %, at the node three-fourths the length of the vessel. The percent
difference value corresponds to a difference of 0.0002 m/s which has surpassed the “knee” of
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the curve and is on the flatter section where the percent differences between intervals are
consistently between 2.7-2.5 percent. Therefore, a mesh with ~ 2000 to ~180000 faces was
within the grid independent solution.
The final mesh for the simple tube model was mapped scheme with a 2 μm interval spacing
for the lumen, vascular wall, and tissue layers. The lumen, vascular wall, and tissue contain
9525, 1905, and 19050 elements respectively with a resolution of 4 μm2. The plasma and
endothelial layers were meshed using a 3 cell interval count on the vertical sides and
maintaining the 2 micron spacing interval spacing along the horizontal sides. This created a
mesh size of 1143 cells for both layers with a resolution of 1.333 μm2, 0.666 x 2.0 μm.

Figure 31: Contour plot of the velocity in the lumen.

In Figure 31, the lumen of the tube model was split down the center with a symmetry
boundary condition and concordantly shows the fastest velocity at the center. The zero
velocity seen along the upper wall was due to the no slip condition.
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Figure 32: Velocity profile in the tube geometry. The left side of the x-axis corresponds
to the centerline while the right side corresponds to the wall.

The plot in Figure 32 shows the velocity profile of the tube model. The left side of the x-axis
corresponds to the centerline while the right side corresponds to the wall. This plot shows
the correct parabolic shape of the velocity profile seen in Figure 2 of the Fåhraeus effect.
3.1.1.2- NO Concentration
A grid independence study was also completed using the UDS-1, NO, as the test variable. The mesh
was refined from an interval spacing of 4.25 to 1.25 μm which correspond to meshes with 7876 cells
to 81130 cells. The peak value of the NO was taken and the percent difference from the 81130 cell
mesh was calculated and plotted in Figure 33.

Figure 33: Percent difference in peak NO levels from the 81130 cell mesh.
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The red circle encloses the spacing interval of 2 μm, 32766 cells was used as the final mesh for the
tube model. The full details of the mesh were described in the previous section, 3.1.1.1. The
percent difference was consistently around 1% for the 3 mesh sizes tested before the final 81130
cell mesh and was accepted to be within the grid independent solution.

3.1.2 T-Geometry- Velocity
The same process was repeated for the T-geometry ranging the space interval of the mesh
from 10.25 to 1.25 μm. The number of cells varied from 365 to 67000. The T-geometry
induced a stagnation line in the intersection of the T as it should, suggesting that the CFD
model was working as it should. Stagnation is a well known phenomenon in fluid mechanics
created at a bifurcation of a flow field which generates a point of zero velocity.

Figure 34: Percent difference between the spacing intervals of the velocity. The red
circle encloses the point corresponding to the 2 μm interval spacing or the 8990 cell
grid. This was selected as the interval spacing for the entirety of the T- Geometry
model.

The percent difference between the velocity solutions in the 67000 and 8990 cell meshes was
~0.17 % (Figure 34). The percent difference was sufficiently low and occurs after the “knee”
of the graph. Therefore, the interval spacing of 2 μm and a mapped scheme was used as the
final grid spacing for the T- model. The spacing is identical to the spacing that was used for
the tube model.
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The lumen, vascular wall, and tissue layers were meshed with a 2 μm mapped spacing
interval corresponding to a resolution of 4 um2. The lumen, vascular wall, and tissue layers
contain 8990, 2590, and 23150 cells respectively. The plasma layer and endothelium were
again meshed with an interval count of 3 cells on the short side and an interval spacing of 2
μm along the length. This creates a resolution of 1.333 μm2, 0.666 x 2.0 μm.

Figure 35: A contour plot of the velocity in the lumen

To reduce computational time, the lumen was split down the center with a symmetry
boundary condition on the horizontal section. This boundary condition everything splits
evenly on the vertical section where both walls have the no slip condition. In Figure 35, the
stagnation line can be seen as well as the areas of low speed flow surrounding it.
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Figure 36: Left: Vector plot showing a close up of the intersection verifying the
stagnation line and the surrounding area of low speed flow on the T-geometry. Right: A
velocity contour plot highlighting the low speed flow area created by the 90° turn of the
T-geometry.

In Figure 36, velocity vectors of the low speed flow area around the stagnation line can be
seen. The stagnation line is easily seen by the contour plot of velocity. There is almost a
stagnation layer created as the wall is approached from the centerline.

Figure 37 : Velocity profile at ¾’s the length of the horizontal section.

In Figure 37, the velocity profile of the T-geometry can be seen at three-fourths the length of
the horizontal section of the lumen. The left side of the x-axis corresponds to the centerline
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while the right side corresponds to the wall. Figure 37 verifies the correct parabolic shape of
the velocity profile in the T-geometry.

3.1.3 Y-Geometry- Velocity
The same process was again repeated for the Y-geometry with the space interval of the mesh
ranging from 10.25 to 1.25 μm. The number of cells varied from 385 to 18072. The Ygeometry also induced a stagnation line in the intersection of the Y suggesting that the CFD
model was working as it should.

Figure 38: Percent difference between the spacing intervals of the velocity. The red
circle encloses the point corresponding to the 2.75 μm interval spacing or the 5480 cell
grid. This was selected as the interval spacing for the entirety of the Y- Geometry
model.

The percent difference between the velocity solutions in the interval spacing corresponding
to 13361 and 5480 cells was ~1.4 % (Figure 38). The percent difference was sufficiently low
and occured after the “knee” of the graph. Therefore, a mapped scheme and an interval
spacing of 2.75 were used for the lumen, and vascular wall corresponding to meshes of 5480
and 18072 cells. The Tissue was broken up into 4 sections which can be seen in Figure 39.
Section 1 and 3 were meshed with a spacing interval of 2.75μm which correspond to mesh
sizes of 4608 and 3492 cells. Sections 2 and 4 were mapped with a quad element of tri
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primitive type which created 855 and 5712 element meshes respectively. The total number
of cells in the tissue layer is 14667 with an average resolution of 7.5625 μm2. The
endothelium and plasma layer were once again meshed along the short side with an interval
count of 3 and then maintained the 2.75 interval spacing of 2.75μm along the length. This
created meshes of 972 and 990 respectively with a resolution of 1.333 μm2, 0.333x 2.75 μm.

Figure 39: Shows 4 sections of Tissue.

Figure 40: Velocity in the lumen ion the Y-geometry.

In Figure 40, the lumen has been split down the center with a symmetry boundary condition
on the horizontal section. The symmetry boundary condition created a mirror image on the
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opposing side which completed the geometry into a full Y shape. The symmetry boundary
condition was used to reduce computational time.

Figure 41: A close up of the intersection verifying the stagnation line and the
surrounding area of low speed flow on the Y-geometry.

Figure 41 depicts the area of low speed flow created by the split of the Y-geometry and also
the contour plot of the velocity at the intersection. The 45° turn, Y-geometry, vs. the 90° turn
of the T-geometry creates a much smaller area of low speed flow and a shorter stagnation
line which can be seen when comparing Figures 36 and 41.

Figure 42: Velocity profile at three-fourths the length of the horizontal section.

The plot in Figure 42 shows the velocity profile at three-fourths the length of the horizontal
section. The left side of the x-axis corresponds to the centerline while the right side
corresponds to the wall. This plot verifies the correct parabolic shape of the velocity profile
in the Y-geometry.
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Chapter 4: Layered Network Model CFD
4.1 Grid Independence Study
A grid independence study was also completed for the network model using velocity as the
test variable. A no slip condition was used at the walls rather than the slip condition used to
simulate slug flow during the final simulations. The slip condition was used to verify the
accuracy of the grid because slug flow does not require such a refined mesh. However,
species transport was conducted using the same mesh and therefore an adequately refined
mesh was needed.
For this study, the layered network model was reduced to a single layer representing just the
lumen. The lumen was then split into separate pieces for flow simulation testing seen in
Figure 43. The lumen was broken into 13 individual sections and new pressure inlets were
set so that the flow would move in the same direction as it would in the completed model.
Each section of the flow field was simulated individually for the grid independent study.

Figure 43: Lumen broken up into separate pieces for the grid independence study.
Each color signifies a separate section.

Each velocity contour plot was closely examined for each meshing scheme to look for any
non-intuitive flow patterns in each of the sections. Any abnormalities resulted in a complete
remesh of the section, often involving breaking original face into many smaller sections.

58

Because of the wide range of diameters throughout the various sections, it was not feasible to
place all the resulting curves on the same plot using the same number of cells as the x-axis.
Therefore, a new method of plotting had to be created to fit each curve onto the same plot.
The collective interval spacing ranged from 3.25 to 0.2 μm and each interval was given a
corresponding number as seen in Table 1. The varying areas of the different sections cause
the number of faces to range from 42 to 9500 per branch. When the faces were plotted on the
same graph the x-axis was far too large to place on a single page. As a result, the spacing
intervals were numbered one to seven from the largest spacing interval, 3.25, to smallest of
.2, as seen in Table 8.
Table 8: Spacing interval (S.I.) with the corresponding plot number.
Space Interval

S.I. plot number

3.25

2.25

1.25

0.75

0.5

0.25

0.2

1

2

3

4

5

6

7

The plot was created showing the percent difference of the velocity at one-fourth the length
of the pressure outlet of each section of vasculature. The plots (Figure 44) were not
completed as far out as the previous curves due to the computational time for each
simulation, but through experience and intuition it was deduced that the curves are down to
the knee of the curve or later.
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Figure 44: Percent difference for each section of vasculature corresponding by color to
Figure 40.

In Figure 44 all the curves reached an acceptable percent difference at the conclusion of the
grid independence study. When the sections were meshed, the smallest spacing intervals
were meshed first. In a small number of instances this caused the next section to be meshed
at a point further down the curve (beyond those seen in Figure 44). However, the number of
faces did not increase so much as to disrupt the validity of the grid independence study.
To mesh the other layers (plasma, endothelium, and vascular wall) in a mapped fashion, the
same interval spacing was often used as the adjacent section of lumen. The spacing intervals
for these layers were all smaller than the grids generated for the simple models and
intuitively it can be said that this will provide an acceptable solution. To create a meshed
scheme, the majority of the faces had to be broken into several smaller faces and added to the
cell zone designations. Many faces also had highly skewed cells which resulted in poor
solution data. Each of these skewed cells were corrected, often involving creating additional
faces and occasionally using a non-mapped meshing scheme. The lumen, plasma layer,
60

endothelium, and vascular wall were meshed with 40378, 12027, 12102, and 40137
quadrilateral cells respectively. The tissue layer was meshed with 120149 mixed cells,
quadrilateral and triangular, due to the irregular shape of the tissue faces. The interval
spacing ranges from 0.5 to 1.35 μm creating a range of resolutions of 0.25 to 1.8225 μm2.
The tissue sections were meshed with a quad or tri paved scheme as a result of the
abnormally shaped faces. The completed meshed layered network model can be seen in
Figure 45.

Figure 45: Depicts the completed mesh for the layered network model.

As shown in Figure 46, the resulting velocity profile looks reasonable having the fastest
flows in the main lumen near the pressure inlet. The velocity slowly decreases as more area
is available via the branches and in addition the pressure drops towards the pressure outlets
(Figure 46).
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Figure 46: Left: Velocities, m/s, in the layered network model with the grid
independence study meshing scheme. Right: The right contour plot shows the drop in
pressure, Pa, stemming from the pressure inlet on the right to the pressure outlets at
the ends of the branches.

The velocities within the branches are significantly slower than the main branch of the lumen
as seen in Figure 47. To verify that the mesh was working correctly the velocity was scaled
down show the maximum velocity within the branches. This can be seen in Figure 47 which
shows the velocity profile is still correct within the branches. The fastest velocity is in the
center of the branch while the walls remain at zero velocity due to the no slip condition
imposed at the wall for the grid independence study.

Figure 47: Contour plots of the velocity, m/s that was scaled to show the profiles within
the branches.
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Chapter 5: Simple Model Results
Chapter 5 goes into the detailed results of the simple geometry flow models with the coupled
O2 and NO transport and reactions. The uncoupled O2 transport results are presented for
each geometry, presenting the results for each flow abnormality. Then, the results are
presented for the coupled transport of O2 and NO for the simple geometries under each flow
abnormality.

5.1 Oxygen Transport
5.1.1 Tube Model
5.1.1.1 Comparisons
The code from Lamkin-Kennard [29, 12] was run in FlexPDE for comparison of the O2
partial pressures for an arteriole with a radius of ten microns and a velocity of 0.15 cm/s.
The PO2 distribution was taken at nine microns into the vessel (Figure 48).
FLUENT was not able to converge a solution for the UDS using the slug flow and the liquid
plasma layer. Consequently, the plasma layer was set to solid and a no slip condition was
imposed on the wall to maintain a parabolic velocity profile.
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Figure 48: Distribution of the PO2 from the code used to create Lamkin-Kennard [29].

In Figure 48, the y-axis increments at a rate of 0.001 Torr. The value of PO2 is constant until
approximately one micron before the plasma layer and results in a total change of ~ 0.00025
Torr. This corresponded to ~0.002 % suggests that a constant value of O2 should be seen in
the lumen. The diffusion coefficient does not change within the different layers of the model
and therefore, an almost constant value of O2 should also be seen throughout the geometry.
This assumption was only valid before any metabolic O2 consumption source terms were
used.
To compare with the graph in Figure 48, the model was replicated in FLUENT. The PO2
distribution was plotted at nine microns into the geometry and is seen below in Figure 49.
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Figure 49: Distribution of the PO2 across the lumen from FLUENT replicating the plot
in Figure 48.

The PO2 values generated by FLUENT show a constant PO2 across the lumen with a total
percent difference from Lamkin-Kennard [29] of 0.00025%. This is an acceptable value and
verifies that the oxygen transport model is working correctly in FLUENT. The major
difference in these models is that the FLUENT simulation also included a convective term.
5.1.1.2 Steady-State Tube Model
5.1.1.2.1 Comparing Changes in Velocity
The velocity was varied from 6 cm/s to 0.15 cm/s (6, 3, 1, 0.15) and the PO2 was plotted.
The rapid convection and diffusion rate of the O2 and fixed value of 80 Torr at the inlet
created a constant concentration throughout the tube which can be seen in the contour plot in
Figure 50.

Figure 50: Contour plot of the PO2 throughout the simple tube model with a radius of
50 microns.
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The percent difference of PO2 between the 6 cm/s simulation and the 0.15 cm/s simulations
was zero. If the velocity was going to be a factor in the PO2 concentration then a comparison
between these two velocities should show the largest difference in concentration.

The zero

percent difference finding verified the assumption from section 5.1.1.1.1 that a constant value
of O2 would be available for metabolic processes within the tube.

Figure 51: Plot of the PO2 across the tissue at three quarters the total height of the 50
micron radius model.

Figure 51 shows the continuous concentration of O2 at three-fourths the height of the tube
and within the tissue layer. This graph is identical for the different velocity simulations and
therefore, only one was plotted.
5.1.1.2.2 Steady-state, Changes in Radius
The change in radius was simulated to gain an understanding how the vessel diameter
effected the species transport. The radius was varied from 50 to 5 microns and the PO2 was
plotted in both a contour plots and an x-y plot at a line across the tissue at the same location
previously used for the velocity graph in Figure 51. Figure 52, below, shows the contour plot
of the PO2 in the five micron radius model. The contour plot continued the trend of having a
constant O2 concentration available for metabolic processes before the consumption source
terms were included.
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Figure 52: Contour plot showing the PO2 in the five micron radius simulation.

Figure 53: PO2 across the tissue at three quarters the total height of the five micron
radius model.

The plot in Figure 53 reiterates the assumption that a constant O2 concentration would be
available through the entire geometry if no chemical reactions are occurring.
5.1.1.3 Ischemic
The ischemic simulation was not needed for the uncoupled O2 simulation without the
consumption terms. The maximum value of PO2 was achieved in the tissue and therefore
cannot be increased or decreased by simulating an ischemic spell. The assumption is valid
for all velocity and radius changes and therefore, no additional results are presented.
5.1.1.4 Reperfusion
Ischemic simulations were not needed and consequently reperfusion simulations were also
not needed or applicable. Therefore, no additional results are presented.
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5.1.1.5 Pulsatile, Changes in Radius
The pulsatile velocity profile ranged from a minimum of 0.022 cm/s to 0.14 cm/s. The
pulsatile profile was simulated through the range of radii and again a constant value of 80
Torr for the PO2 was seen throughout the geometry. Figure 54 shows the contour plot of the
50 micron radius.

Figure 54: Contour plot showing the PO2 in the 50 micron radius simulation with a
pulsatile velocity profile.

Figure 55: PO2 across the tissue at three quarters the total height of the 50 micron
radius model with a pulsatile velocity profile.

Figure 55 shows the constant PO2 across the tissue at three-fourths the total height of the
tube. The consistency of PO2 throughout the tube model, despite changes in velocity and
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radius, once again verified the assumption that a constant value of O2 would be available for
metabolic processes.

5.1.2 T-Geometry
5.1.2.1 Steady-State: Change in Velocity
By varying the velocity, a better understanding was achieved of the role the convection
played in the O2 transport in the T-geometry. The velocity in the T- geometry was varied
from 6 cm/s to 0.15 cm/s and the PO2 was plotted. In Figure 56, below, the trend seen in the
tube model continued as a constant value of PO2 was seen throughout the model.

Figure 56: PO2 in the T-Geometry simulation and demonstrates the constant value of
O2 throughout the model.

The PO2 vs length plot was not included as both left and right sides of the model show the 80
Torr PO2 at ¾’s the height of the model from the center line.

5.1.2.2 Ischemic: Change in Velocity
The ischemic simulations were also not needed for the O2 simulations in the T-geometry
without the consumption terms. The maximum value for the PO2 was achieved in the tissue
and therefore cannot be increased or decreased by simulating an ischemic spell. This is valid
for all velocities tested and therefore, no additional results are presented.
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5.1.2.3 Reperfusion: Change in Velocity
Ischemic simulations were not needed for the T-geometry and consequently reperfusion
simulations were also not needed or applicable. Thus, no additional results are presented.
5.1.2.4 Pulsatile
The pulsatile flow velocity profile was unable to converge a solution for the T-geometry.

5.1.3 Y-Geometry
5.1.3.1 Steady-State: Change in Velocity
The velocity in the Y- geometry was varied from 6 cm/s to 0.15 cm/s and the PO2 was
plotted. In Figure 57, below, the PO2 trend was continued as a constant value was seen
throughout the model.

Figure 57: PO2 in the Y-Geometry simulation and demonstrates the constant value of
O2 throughout the model.

The PO2 vs length plot was again not included as both left and right sides of the model show
the 80 Torr PO2 at ¾’s the height of the model from the center line.
5.1.3.2 Ischemic: Change in Velocity
The ischemic simulations were also not needed for the O2 simulations in the Y-geometry
without the consumption terms. The maximum value for the PO2 was achieved in the tissue
and therefore cannot be increased or decreased by simulating an ischemic spell. This is valid
for all velocities tested and therefore, no additional results are presented.
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5.1.3.3 Reperfusion: Change in Velocity
Ischemic simulations were not needed for the Y-geometry and consequently reperfusion
simulations were also not needed or applicable. There no additional results are presented.
5.1.3.4 Pulsatile
The pulsatile flow velocity profile was unable to converge a solution for the Y-geometry.

5.2 Nitric Oxide + Oxygen
5.2.1 Tube Model
5.2.1.1 Comparisons between FLUENT and FlexPDE
Figure 58 shows the NO concentration curve generated in the previous study by LamkinKennard [14] that is being used to verify the FLUENT code. The simulation used a NO RBC
scavenging constant of 382.5 s-1 and a vascular wall and tissue NO scavenging rate of 10 s-1.
The plot shows a maximum peak concentration of ~ 63 nanoMoles, nM, of NO in the
endothelium and the tissue concentration becoming ~0 at 100 microns. The NO
concentration decreases steadily in the lumen and becomes 0 at ~ 10 microns.

Figure 58: A modified picture of Figure 4 which only shows the curve to be replicated
by the FLUENT simulation from Lamkin-Kennard [14]. The blue line shows the steady
state NO concentration with the convective term and the orange line shows the steadystate NO concentration without the convective term.
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Figure 58 shows the overlayed NO concentrations generated by Fluent. The peak NO
concentration of the steady-state, 0.15 cm/s, is 56.53 nM which is a difference of ~6.5 nM
from the peak value of the Lamkin-Kennard curve however, the concentrations in the tissue
and lumen did not decrease to 0. The NO concentration in the lumen appeared to be almost
constant where the tissue concentration decreased by ~ 20 nM. The ischemic case, no
convective term, was also overlayed on the graph because the Lamkin-Kennard case assumed
convection was negligible and solved the mass transport equation with diffusion as the only
transport term. The Fluent code shows a significant drop in NO during the ischemic case and
shows the necessity of convection to match the steady-state simulation. There may be a
number of explanations for the differences in results and will be discussed in Chapter 7:
Discussions & Conclusions.
5.2.1.2 Steady-State
5.2.1.2 .1 Steady-State: Change in Velocity
The simple tube model contour plots were generated for a velocity of 0. 0.15 cm/s and are
shown in Figure 59.

Figure 59: Left: Contour plot of the PO2 concentration. The concentration decreases as
the concentration is taken radially away from the lumen. Right: Concentration of NO.
A significant amount of NO is being transported in the lumen.
The O2 is shown to have a maximum concentration in the lumen and decreased with
increasing distance into the tissue. Note that the scale in Figure 57 has a range of 0.0028
Torr. The total change is negligible and a constant O2 value could have been assumed. The
NO concentration shows a maximum value of 62.26 nM in the endothelium as expected. The
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amount of NO remaining in the tissue and lumen was not expected and will also be discussed
in Chapter 7.

Figure 60: Showing the tube model in a solid and liquid orientation (blue = solid, red =
fluid). The orange lines show where the species concentrations were plotted.

Figure 60 shows the two lines used to plot the concentrations of NO and O2. The horizontal
line is located at three-fourths the height of the tube, 122.25 μm. The vertical line is at the
center of the model and extends from centerline to outer wall.
The NO was plotted along the length of the model and is seen in Figure 61. The maximum
was seen on the left side near the inlet at 46.22 nM and the minimum was seen on the right
side at 45.49 nM for the 0.15 cm/s velocity. The percent difference was ~ 1.6 % and showed
a nearly constant NO concentration in the tissue for a steady-state simulation at 0.15 cm/s.
The 1 cm/s velocity showed a range of 0.07 nM with a maximum concentration of 46.43 nM
and a minimum concentration of 46.36 nM. The range yields a percent difference of 0.14 %.
The 3 cm/s shows a range of 0.01 nM with a peak value of 46.41 nM and a minimum value
of 46.40 nM. The 3 cm/s shows an average of 1.19% difference from the 0.15 cm/s
simulation and an average of 0.04 % difference from the 1 cm/s simulation.
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Figure 61: Concentration of NO across the length of the model at ¾’s the radius. The
values are nearly constant ranging from 46.43 to 46.36 for the 1 cm/s simulation and
46.22 to 45.49 for the 0.15 cm/s simulation. The NO values of the 3 cm/s simulation peak
at 46.41 nM and drop to 46.40 nM at the right side of the model.
Figure 62 shows the full curve of the radial distribution of NO in Figure 56. The peak value
of the 0.15 cm/s simulation appeared in the endothelium, as it should, and was simulated to
be 62.26 nM. The minimum value of NO was seen at the outer wall in the tissue with a value
of ~43 nM. The lumen showed a nearly constant value of ~61 nM which was not expected
and is discussed in Chapter 7. The 1 cm/s velocity showed a slightly elevated peak
concentration of 63.01 nM which is a 1.18% difference from the 0.15 cm/s simulation. This
percent difference remains almost constant for the entire curve. The peak value of the 3 cm/s
simulation was 63.00 nM and shows an average percent difference of 1.12% from the 0.15
cm/s simulation and a 0.02 % difference from the 1 cm/s simulation
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Figure 62: Radial distribution of NO in the tube model with steady-state velocities of 3,
1, and 0.15 cm/s. The first vertical black line depicts the intersection of the lumen and
the plasma layer. The second vertical black line designates the intersection between the
plasma layer and the endothelium. The third vertical line is the intersection between
the endothelium and the vascular wall. The final black line is the intersection between
the vascular wall and the tissue layer.

Figure 63 shows the O2 concentration across the length of the tube when coupled with NO
generation for the steady-state simulation with a velocity of 0.15 cm/s. This was once again
approximately a constant as the range was 0.0011 Torr with a maximum of 80.00 and a
minimum of 79.73. The 1 cm/s simulation ranged from 80 to 79.9982 torr while the 3 cm/s
shows a range from 80 to 79.9987. The average percent difference in oxygen from the
constant 80 Torr value were 0.0029, 0.0020, and 0.0015 % for the 0.15 cm/s, 1 cm/s and 3
cm/s simulations respectively.
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Figure 63: Oxygen concentration at ¾’s the height of the steady-state tube model with
velocities of 0.15, 1, and 3 cm/s when coupled with NO generation. Note that the
concentration is nearly constant.

5.2.1.2.2 Steady-State: Change in Radius
The radius was changed to additional lengths of 30 and 10 microns. The velocity was set to
.15 cm/s and the O2 concentrations were measured at the same distance into the tissue as the
50 μm radius model. In Figure 64, the 50 and 30 μm lines for the PO2 are almost unseen as
they lie directly beneath the 10 µm line. The maximum percent difference between the
varying radii was 0.00075 %. Both maximum and minimum came from the ten micron
radius model with a range of 0.0006 Torr. This plot shows that the oxygen concentration
could be assumed constant for future simulations.
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Figure 64: PO2 in the tissue of the 50, 30, and 10 micron radii tube models.

The radial changes in the tube model, Figure 65, showed that the radius of the lumen plays a
significant role in the NO concentration. The peak values of NO varied from 62.26, 56.35,
and 81.25 nM for the 50, 30, and 10 μm radii respectively. This shows yields a percent
difference from the 50 μm radius of ~ 9.5% for the 30 μm radius and 30.5% for the 10
micron radius. This is a fairly wide range of values and is solely dependent on the radius of
the vessel. It is interesting that the 30 μm radius shows less NO in the endothelium than the
10 μm. This observation lead to the hypothesis that there must be a ratio between the
velocity and the diameter of the vessel where the concentration of NO increases and
decreases respectively. This theory is further discussed in Chapter 7.
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Figure 65: Radial distribution of NO in the tube model different lumen radii of 50, 30,
and 20 μm.
In Figure 66, the tissue concentrations of NO were plotted for the varying radii. Again, the
order of maximum to minimum concentration proceeds as 10, 50, and 30 μm. The range of
the 10 μm radius was 0.41 nM with a max and min concentration of 59.93 and 59.52. These
values yield a percent difference of ~ 0.6 %. The 50 μm radius had a range of .73 with a max
and min concentration of 46.22 and 45.49 nM. This yielded a percent difference value of ~
1.5 %. The 30 μm radius had a max and min value of 41.64 and 41.35 nM which returned a
range of .29 nM. This produced a percent difference of ~ 0.7 %.
The order in which the tissue concentrations present themselves also maintains the
hypothesis that a ratio of velocity to diameter will determine if the NO will increase or
decrease when comparing different vessels. The percent difference between the max values
from the 50 micron vessel return values of ~ 10 % and 23 % for the 30 and 10 μm diameter
vessels. This is a significant change and is only dependent on the diameter of the vessel.
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Figure 66: NO concentration on in the tissue of the tube model with the varying lumen
radii.
5.2.1.3 Ischemic
5.2.1.3.1 Ischemic: Change in Velocity
The ischemic concentrations were simulated and the O2 and NO contour plots can be seen in
Figure 67. The O2 plot was once again deceiving as there seemed to be a large difference
from left to right. However, the range for the scale was 0.46 Torr resulting in a percent
difference 0. 0.58 %. The maximum value for the O2 concentration was 79.81 which was
0.24 % different than the steady-state value. The minimum showed double the percent
difference 0.48 % and a value of 79.75 Torr.

Figure 67: Left: PO2 concentration in the ischemic case. Right: NO concentration in
the ischemic case.
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The NO concentration in the ischemic case, shown in Figure 67, predicted a significant drop
in NO levels from the steady-state simulation throughout the model. The major change in
this simulation was the convective term and showed the importance of NO convection to
maintaining the NO concentration within the tissue.
The NO concentration was plotted in the tissue in Figure 68. The ischemic model showed a
major drop in NO from the steady-state case to the ischemic case of ~ 46 nM to 10.25 nM.
This was a change of almost 78%. This drastic change potentially sets up a major spike in
NO when reperfusion occurs.

Figure 68: Constant value of 10.26 nM of NO in the tissue during an ischemic
simulation.

The radial concentration, seen in Figure 69, only showed a peak NO concentration of 13.88
nM which is a change of nearly 78%. The change matches the percentage change seen in the
tissue and could possibly be a contributing factor to a large jump in NO concentration during
a reperfusion injury.
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Figure 69: NO concentration vs. radial distance for an ischemic simulation of the tube
model.

The O2 concentration in the ischemic simulation showed a range of 0.46 Torr in Figure 70.
The trend of the O2 decreasing from left to right was expected due to the pressure inlet on the
left being a constant 80 Torr before the ischemia in the steady-state simulation. The O2 was
being consumed as it moved towards the pressure outlet on the right; however the overall
change was minimal resulting in < 1 Torr decrease.

Figure 70: Decreasing oxygen levels in the ischemic simulation as the values were
plotted from left to right across the length of the tube model. This plot is valid for all
initial velocities.
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5.2.1.3.2 Ischemic: Change in Radius
The different radii (50, 30, 10 μm) were set to simulate ischemia and the species
concentrations were measured. In Figure 71, the max to min concentrations of O2 by radii are
in order from 50, 30, to 10 μm. This was expected as there is less O2 being transported into
the model as the radii of the lumen decreases. The range of the 50 μm model is .46 Torr with
a maximum PO2 of 79.81 Torr and a minimum of 79.35 Torr. The 30 μm has a range of .54
Torr with a maximum and minimum of 79.76 and 79.22 Torr. The 10 μm radius yields a
range of .64 with a maximum and minimum value of 79.61 and 78.98 Torr. The largest
percent difference between all concentrations is ~ 1.05 % and therefore, O2 may have been
assumed constant.

Figure 71: PO2 in the tissue of the varying radii lumen models.

The NO concentration was also measured in the ischemic case and the radial comparison can
be seen in Figure 72. The most NO was produced in the smallest diameter vessel. This
makes intuitive sense as the convective term has disappeared and no NO was being carried
into the vessel from a different location. In the smaller diameter vessel, there are less RBC’s
to consume the NO and the distance between endothelial linings is smaller allowing more
NO to be produced in a smaller area. The least amount of NO is seen in the largest diameter
82

vessel and where the distance between endothelial linings was the greatest, the most RBC’s
were present. These results also verified the theory that there is a ratio between velocity and
diameter that will determine how much NO will be produced in that region.
The maximum peak values of the 10, 30, and 50 μm vessels were 24.43, 14.79, and 13.88
nM. These values yield percent differences ~ 70, 74, and 78 % respectively. These
differences are significant jumps in concentration and verify that the ischemic spell may set
up a large NO spike during a reperfusion injury.

Figure 72: Different radial NO concentration distributions for the varying lumen radii.

Figure 73 shows the same order from maximum to minimum of the NO concentrations
varying by radius as seen in Figure 72. Also seen in Figure 72, as seen in Figures 65 & 66,
the peak NO concentration reaches a higher value when looking from 30 to 10 μm than 50 to
30 μm. The range of NO values for the 10 μm radius was 0.0078 nM with a maximum and
minimum value of 18.042 and 18.033 nM. The range of NO for the 30 μm radius was 0.004
nM with a maximum and minimum of 10.932 and 10.928 nM. The maximum range of the
50 μm radius was 0.0033 nM with a maximum and minimum value of 10.259 and 10.256.
These values yield percent differences across the tissue of ~ 0.04, 0.03, and 0.03 %
respectively and could be assumed constant along the length of the vessel.
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These values vary from the 50 micron diameter vessel by ~ 6.5 % for the 30 μm radius and
by ~ 76 % for the 10 micron radius. This extreme jump shows the prominent role played by
the vessel diameter in the NO concentration under ischemic conditions. The 10, 30, and 50
μm vessels vary at percent differences of ~ 70, 74, and 78% from the steady state maximum
values. This again reiterates the importance of the convective term in maintaining the NO
concentration within the tissue.

Figure 73: NO concentration in the ischemic simulation at the varying lumen radii.
5.2.1.4 Reperfusion
The FLUENT solver was set up to simulate the models at a steady-state. Therefore, when the
flow settings were replaced to simulate reperfusion the steady-state solution was solved.
This solution returned the species concentrations to the steady-state values solved previously
in 5.2.1.2 Steady-State.

5.2.2 T-Geometry
5.2.1.2 Steady-state
The T-geometry model was run with a velocity of 0.15 cm/s in the lumen and the O2 and NO
contours plots were generated for the steady-state solution, Figure 74. The O2 plot looked
similar to the steady-state model of the tube in Figure 59 where the maximum PO2 was seen
in the lumen and the concentration slowly decreased as the O2 diffused into the tissue. The
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NO also looked similar to Figure 59 as the NO showed the maximum NO concentration in
the endothelium.

Figure 74: Left: PO2 concentration in the steady-state T-Geometry simulation with a
velocity of 0.15cm/s. Right: Concentration of NO in the steady-state T-Geometry
simulation with a velocity of 0.15cm/s.

Once again a large amount of NO was seen in the lumen which was not present in the
Lamkin-Kennard [12] [14] [15] models. The corner intersection also showed an increased
level of NO which extended further into the tissue than seen in the “arms” of the “T”. This
was expected, as the 90° turn was made the surface area of the endothelium increased in the
corner, allowing for a greater amount of NO to be generated at that location.

Figure 75: Replication of Figure 15 showing the T-geometry model in a solid and liquid
orientation (blue = solid, red = fluid). The orange lines show where the concentrations
were plotted.
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To collect consistent data the lines created for data collection were three-fourths the height of
the model, or 122.25 μm. The distance was used for consistency between the T-geometry
and the tube model. For data collection, the orange line paralleling the outer wall and
making the 90° turn in Figure 73 was designated as the top. The vertical orange line on the
right side of the model was designated as the right and to compare radial concentrations from
the Tube model the orange line extending vertically from the centerline of the lumen to the
outer wall near the center of the model is the height.
Figure 76 shows the NO concentration along the top line. The maximum value was 37.16
nM at the intersection of the horizontal and vertical lines. The intersection was designated on
the plot with a vertical black line. The plot showed that the concentration increased as the
intersection was approached verifying the expected increase in NO. The overall NO
concentration showed a range of 3.53 nM with a minimum of 33.63 nM and a maximum of
37.16 nM.

Figure 76: NO concentration in the tissue at three-fourths the height on the top section
of the T-model at the steady-state solution with a 0.15 cm/s maximum velocity. The
vertical black line designated the intersection of the T.
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Figure 77 shows the NO concentration on the right side of the steady-state T-model with a
velocity of 0.15 cm/s. The range of the NO concentration was 0.03 nM with a maximum of
33.31 and a minimum of 33.28 nM which presented a percent difference of 0.09%.

Figure 77: NO concentration in the tissue at ¾’s the height in the right section of the Tmodel at the steady-state solution with a velocity of 0.15 cm/s.
Figure 78 shows radial distribution of NO in the 50 μm radial lumen arm of the T- geometry.
The peak value appeared in the endothelium, as it should, and was simulated to be 45.65 nM
which was a drop of ~ 27 % from the tube model. The minimum value of NO was seen at
the outer wall in the tissue with a value of ~32.43 nM. The lumen showed a nearly constant
value of ~44 nM which was not expected and is discussed in Chapter 7.

Figure 78: Radial distribution of NO in the T- model with a steady-state velocity of 0.15
cm/s. The first vertical black line depicts the intersection of the lumen and the plasma
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layer. The second vertical black line designates the intersection between the plasma
layer and the endothelium. The third vertical line is the intersection between the
endothelium and the vascular wall. The final black line is the intersection between the
vascular wall and the tissue layer.

The oxygen concentrations again appeared to be constant with a range of 0.0003 in the tissue.
This was consistent in both the top and right designated data lines (Figures 79 and 80).

Figure 79: O2 concentration in the tissue at three-fourths the height of the model on the
top of the T-geometry.

Figure 80: O2 concentration in the tissue at three-fourths the height of the model on the
right side of the T-geometry.
5.2.1.3 Ischemic
Ischemia was simulated in the T-geometry model and the O2 and NO contour plots were
generated and can be seen in Figure 81. The O2 plot was once again deceiving as there
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seemed to be a large difference from left to right. However, the range for the scale was only
0.52 Torr yielding a percent difference of 0.6 %. The maximum value for the O2
concentration was 79.74 which was 0.32 % different than the steady-state value. The
minimum O2 concentration for the ischemic case was 79.35 or a percent difference of 0.97 %
from the steady-state simulation.

Figure 81: Left: PO2 concentration in the ischemic simulation in the T-Geometry.
Right: Concentration of NO in the ischemic simulation of T-Geometry.

The ischemic case for the T-model once again predicted large drops in NO concentrations as
the percent peak difference was ~67 % with an ischemic peak of 12.12 nM. This plot
reiterated the importance of NO convection in the lumen to the maintenance of NO
concentrations in the tissue. This plot also showed the effect of diameter on NO
concentrations. The maximum concentrations were clearly seen on the top section of
endothelium where the diameter of the lumen was reduced from 100 to 50 m. This was also
seen in section 5.2.1.3.1 where the smaller diameter vessels yielded the largest NO
concentrations under ischemic simulations. The maximum NO concentration within the
lumen is also seen in the smaller diameter vessel due to the close proximity of the
endothelium.
Figure 82 shows a peak value of 12.12 nM at the intersection of the T, the location was
previously predicted in the steady-state case. An elevated and maintained NO concentration
in the tissue associated with the smaller diameter vessel was also seen. This finding gives
some insight into the network model predictions that the smaller vessels will have a larger
concentration of NO.
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Figure 82: NO concentration on the top of the model at three-fourths the height of the
model.

The NO concentration on the right side of the model showed a range of 0.39 nM and can be
seen in Figure 83. The maximum value was seen on the top of the model at 11.46 nM and
the minimum was at the centerline with a value of 11.01 nM.

Figure 83: NO concentration on the right side of the model in the tissue at ¾’s the
height of the model.
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The radial comparison was plotted in Figure 84 and was very similar pattern to the ischemic
tube model. The maximum peak for the T-geometry was 14.03 nM where the max in the
tube model was 13.88 nM (a ~1% difference) indicating good congruity of the models as the
ischemic values are within the acceptable comparable range of CFD analysis.

Figure 84: Ischemic NO concentration radially for the T-Geometry model. This plot
proved to be a good match to Figure 64, the ischemic plot of the Tube model.

The oxygen concentration in the T-Geometry once again followed the trend where the
highest concentration of 79.74 Torr, was seen nearest the pressure inlet and the minimum of
79.22 Torr nearest the pressure outlet as seen in Figure 85.

Figure 85: Declining PO2 in the tissue in the ischemic region as the data was taken from
nearest to farthest from the pressure inlet.
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The oxygen on the right side of the T-geometry model varied only 0.03 Torr. The extremes
of the data were 79.2317 and 79.2010 Torr (Figure 86).

Figure 86: This plot shows the PO2 in the ischemic simulation on the right side of the Tgeometry.

5.2.1.4 Reperfusion
The reperfusion simulations returned the ischemic models to the steady-state conditions.

5.2.2 Y-Geometry
5.2.1.2 Steady-state
The Y-geometry O2 and NO contours plots were generated for the steady-state solution with
a velocity of 0.15 cm/s in the lumen seen in Figure 87. The O2 plot looked similar to the
steady-state simulations of the T-geometry model in Figure 74. The maximum PO2 was seen
in the lumen and the concentration slowly decreased as the O2 diffused into the tissue. The
NO also looked similar to the tube model results, Figure 59, as the NO showed the maximum
concentration in the endothelium at the intersection.
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Figure 87: Left: PO2 concentration in the steady-state Y-Geometry simulation with a
velocity of 0.15 cm/s. Right: Concentration of NO in the steady-state Y-Geometry
simulation with a velocity of 0.15 cm/s.

Once again, a large amount of NO was seen in the lumen which was not present in the results
of the Lamkin-Kennard models. The corner intersection also showed an increased level of
NO which extended further into the tissue than seen in the arms of the Y-geometry similar to
the T-model. This was expected as the 45° turn was made the surface area of the
endothelium increased in the corner allowing for a greater amount of NO to be generated.
The maximum however, is seen in the right side of the Y where the bifurcation actually
decreased to 45° which further decreased the distance between endothelial linings.

Figure 88: Replication of Figure 15 showing the Y-geometry model in a solid and liquid
orientation (blue = solid, red = fluid). The orange lines show where the concentrations
were plotted.
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To maintain congruity between data collection locations the data lines were created at 122.25
μm from the centerline and maintain the three-quarter height distance from the lumen
centerline. The orange line paralleling the outer wall and making the 45° turn on the upper
blue section in Figure 88 was designated as the top. The vertical orange line on the right side
of the model was designated as the right and the orange line extending vertically from the
centerline of the lumen to the outer wall near the center of the model was the height. The
orange lines are seen in Figure 88.
Figure 89 shows the NO concentration along the top line. The maximum value on the top
line was 46.13 nM on the intersection of the Y, which was also predicted and seen in the Tgeometry. The intersection was again designated on the plot as with a vertical black line.
The plot showed that the concentration increased as the intersection was approached
verifying the expected increase in NO. The overall NO concentration showed a range of 2.64
nM with a minimum of 43.5 nM and a maximum of 46.13 nM.

Figure 89: NO concentration in the tissue at three-fourths the height on the top section
of the Y-model at the steady-state solution with a 0.15 cm/s maximum velocity. The
vertical black line designated the intersection of the Y.
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Figure 90 shows the NO concentration on the right side of the steady-state Y-model with a
velocity of 0.15 cm/s. The angle between the endothelial linings on the right side decreased
to 45° which caused the maximum value, ~ 47 nM, of NO to be seen in the tissue of the Ymodel inside the bifurcation. This was an expected phenomenon and provided further insight
into the network model as many small angle intersections were present. The range of the NO
concentration in the tissue was 4.15 nM with a maximum of 46.9 and a minimum of 42.75
nM which presented a percent difference of 8 %, the most seen in the steady-state
simulations.

Figure 90: NO concentration in the tissue at three-fourths the height in the right section
of the Y-model at the steady-state solution.
Figure 91 shows radial distribution of NO in the 50 μm radial arm of the Y- geometry. The peak
value appeared in the endothelium and was simulated to be 59.17 nM which was a drop of ~ 5 %
from the tube model. The minimum value of NO was seen at the outer wall in the tissue with a
value of ~41.62 nM. The lumen showed a nearly constant value of ~58 nM which was not expected
and is discussed in Chapter 8.
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Figure 91: Radial distribution of NO in the T- model with a steady-state velocity of 0.15
cm/s. The first vertical black line depicts the intersection of the lumen and the plasma
layer. The second vertical black line designates the intersection between the plasma
layer and the endothelium. The third vertical line is the intersection between the
endothelium and the vascular wall. The final black line is the intersection between the
vascular wall and the tissue layer.

The oxygen concentrations again appeared to be constant with a range of 0.0005 in the tissue.
This was consistent in both the top and right designated data lines (Figures 92 and 93).

Figure 92: O2 concentration in the tissue at three-fourths the height of the model on the
top of the Y-geometry
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Figure 93: O2 concentration in the tissue at three-fourths the height of the model on the
right of the Y-geometry.
5.2.1.3 Ischemic
Ischemia was simulated for the Y-geometry and the O2 and NO contour plots were generated
(Figure 94). The range for the scale was only 0.62 Torr which results in a percent difference
of 0.6 %. The maximum value for the O2 concentration was 79.74 which was 0.32 %
different than the steady-state value. The minimum O2 concentration for the ischemic case
was 79.12 and showed a percent difference of 1.1 % from the steady-state simulation.

Figure 94: Left: PO2 concentration in the ischemic simulation in the Y-Geometry.
Right: Concentration of NO in the ischemic simulation of Y-Geometry.
The ischemic case for the Y-model once again predicted large drops in NO concentrations as
the percent difference from the peaks was ~75 % with an ischemic peak of 11.48 nM. Figure
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95 once again reiterates the importance of NO convection in the lumen in the maintenance of
NO concentrations in the tissue. This plot also showed the effect of diameter on NO
concentrations. The maximum concentrations are clearly seen on the top section of
endothelium where the diameter of the lumen was reduced from 100 50 m which replicates
the results seen in the T-geometry under ischemia. This was also seen in section 5.2.1.3.1
where the smaller diameter vessels yielded the largest NO concentrations under ischemic
simulations. The maximum NO concentration within the lumen was also seen in the smaller
diameter vessel due to the close proximity of the endothelium.
Figure 95 shows the peak value of 11.48 nM in the tissue at the intersection of the Y, the
location was previously predicted in the steady-state case. An elevated and maintained NO
concentration in the tissue associated with the smaller diameter vessel was also seen. This
supported the insight gained from the T-model into the network model predicting that the
smaller vessels will have a larger concentration of NO.

Figure 95: Ischemic NO concentration on the top of the Y-model at three-fourths the
height of the model.

The NO concentration on the right side of the model once again showed the maximum value
of the entire Y-model in the tissue at 12.6 nM seen in Figure 96. Figure 96 verified that the
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proximity of the endothelium to another branch will increase the NO concentrations of the
surrounding tissue. The range of the NO was ~ 1.19 nM with the minimum around 11.41 nM.

Figure 96: NO concentration in the tissue on the right side of the bifurcation of the Ygeometry.
The radial comparison was plotted in Figure 97 and was very similar pattern to the ischemic
tube model and T-geometry under ischemia. The maximum peak for the Y-geometry was
13.96 where the max in the tube model and T-geometries were 14.03 and 13.88 respectively,
yielding a percent difference of ~0.5 % and ~.5 % respectively. These results showed good
congruity of the models as the ischemic values are within acceptable limits of CFD analysis.

Figure 97: Ischemic NO concentration radially for the T-Geometry model. This plot
proved to be a good match to Figure 64 and 75, the radial plot of the Tube and Tmodels under ischemia.
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The oxygen concentration in the Y-Geometry, shown in Figure 98, once again followed the
trend of the highest concentration 79.74 Torr nearest the pressure inlet and the minimum of
79.12 nearest the pressure outlet. A percent difference of ~ 0.78 % was calculated thus the
oxygen concentration may have been considered constant.

Figure 98: PO2 in the upper tissue in the ischemic region in the Y-model as the data was
taken from nearest to farthest from the pressure inlet.

The oxygen on the right side of the Y-geometry in the ischemic region varied only 0.03 Torr.
The extremes of the data were 79.16 and 79.12 Torr as shown in Figure 99.

Figure 99: PO2 in the ischemic simulation on the right side of the Y-geometry.
5.2.1.4 Reperfusion
The reperfusion simulations returned the models to the steady-state condition.
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Chapter 6: Layered Network Model Results
Chapter 6 presents the results of the layered network flow model coupled with NO and O2
transport and reactions. The uncoupled O2 transport data is presented first for each flow
abnormality and then the coupled NO and O2 transport results are presented.

6.1 Oxygen
6.1.1 Steady-State
The velocities used in the steady-state simulation for the layered network were 0.15, 1, 3, and
6 cm/s. As seen in the simple tube models, the O2 concentrations did not vary significantly
as a constant value of 80 Torr was visible throughout the model which can be seen in Figure
100.

Figure 100: Oxygen concentration for the uncoupled O2 transport in the layered
network model. The contour plot was observed for every velocity profile tested and was
consistent with the results from the tube model.

6.1.2 Ischemic
The ischemic simulation was not needed for the uncoupled O2 simulation without the
consumption terms. The maximum value of PO2 was achieved in the tissue and therefore
cannot be increased or decreased by simulating an ischemic spell. These results are valid for
all velocity and radius.
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6.2 Nitric Oxide+ Oxygen
6.2.1 Steady-State
The layered network model was set to couple O2 and NO transport and the flow
abnormalities were re-simulated. The steady-state simulation was completed for a maximum
velocity of 0.15 cm/s. The O2 contour plot can be seen in Figure 101. The O2 is the
maximum in the lumen and diffuses outward towards the tissue. Once again the scale of this
plot is deceiving ranging from 80.000 to 79.995. The maximum potential percent difference
with this scale is ~ 0.006%. Thus, future simulations could assume a constant oxygen
concentration throughout the model for the steady-state simulations.

Figure 101: Contour plot of the steady-state solution of PO2 with a velocity maximum of
0.15 cm/s.

The NO concentration can be seen in Figure 102 for the steady-state simulation with a
velocity of 0.15 cm/s. The maximum value of NO is in the endothelium and has a value of ~
94 nM. The concentration far exceeds the maximum values of the simple models where the
maximum values in the endothelium were 62.8 nM for the tube model, 46.5 nM for the Tgeometry, and 59.8 nM for the Y-geometry. These results show the importance of using an
in-vivo replica of the vasculature. The minimum and maximum percent difference of NO in
the endothelium was calculated between the simple models and the network model which
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yielded values of 33% as a minimum and 50% as a maximum. The percent difference values
are far too large to use simple models to quantitatively predict NO concentrations in-vivo.

Figure 102: Contour plot of the steady-state solution of NO with a velocity maximum of
0.15 cm/s.

The insight gained from the simple models proved valuable as the network model showed the
largest increases in NO in areas between bifurcations of greater than 90°. The branches with
the smallest diameters also showed signs of elevated NO levels which can be seen on the
lower right of the model. This section has a branch with the smallest diameter ~ 5 microns
and shows an elevated NO level on the left side of the lumen without a bifurcation and on the
right side with a bifurcation greater than 90°. The smallest gaps between branches also
showed elevated concentrations of NO, the elevations were expected since the distance for
diffusion was decreased. The areas between branches also had NO concentration
contributions from multiple sides, increasing the rate at which the NO was rising and
consequently, showed higher concentration of NO.

6.2.2 Ischemic
Ischemia was simulated in the layered network model and the contour plot of oxygen
concentration can be seen in Figure 103. This plot shows the largest drop in oxygen
concentration consisting of a total range from 80 to 75.64 which yields a percent difference
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of 5.45%. This value is significant enough that oxygen could not be assumed constant in the
ischemic simulations of the network model.

Figure 103: Contour plot of the O2 concentration in the ischemic simulation of the
layered network model.

The NO contour plot shown in Figure 104 once again showed the importance of a network
model when trying to simulate in-vivo NO concentrations. The ischemic NO concentration
maximum was 50.9 nM where the maximum for the Tube model was 13.88 nM, the Tgeometry model was 14.03 nM, and the Y-geometry was 13.96. These maximum NO
concentration values yield a percent difference of ~ 73%. This large difference indicates that
simple models are not adequate for replicating reactions taking place in vivo in complex
vascular networks.
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Figure 104: NO concentration in the ischemic simulation of the layered network model.

Figure 104 again verifies the insight gained from the simple models as the largest values of
NO are seen in the acute angle bifurcations and the smallest diameter vessels (red areas).

6.2.3 Reperfusion
This simulation returned the data in Figures 103 and 104, ischemia, to the Figure 101 and
102, steady-state simulations.
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Chapter 7: Discussions and Conclusions
7.1 Network Flow Model
The development and evaluation of the network flow model resulted in the most accurate,
complex, human-like, flow model to date. This model is revolutionary as it is the first to
accurately model the biotransport processes that may contribute to glaucoma in the
microvessels in an eye. The flow network can provide useful for many projects relating from
flow to species transport and simply for conceptual projects. This flow model can be
recreated in 3D without having to repeat the entire process of creating a solid model. The 3D
Solidworks model was created and would need to be meshed in Gambit and imported into
FLUENT for analysis.

7.2 Tube Model Transport
The comparison of the results from the tube model with the results published by LamkinKennard et al. [14] , Figure 58, showed similar peak values but drastic changes in NO
concentration within the other layers. One potential reason for this is the inclusion of mass
and species transport within FLUENT. The diffusivity and densities of all materials and
species involved had to be converted using molecular masses. These conversions may have
had a significant effect on the simulation as the UDS solved the species as mass fractions.
In addition, the coupled NO and O2 simulations have never been simulated in FLUENT. The
source codes were verified by FLUENT customer service employees as well as a number of
FLUENT users online as were the conversions to a molar transport. Therefore, theoretically
the curves generated should be correct. The source terms are also just one-third of the terms
solved in the mass transport equation and therefore, the matching peak value would not have
been converged if the diffusivity and O2 concentrations were not working correctly.
The tube model has been used for a number of publications for NO generation and has had
varying peak concentrations from 50 to 500 nM. These papers present a wide range of
values which include the range of results in our simulations.
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This constant O2 assumption was originally thought to be a flaw in previous papers because
no supporting data was published however, now that this assumption has been verified it can
be implemented in future simple models. The oxygen data was almost always seen to be
constant and verified many simple model assumptions in literature , including the most recent
Chen and Beurk 2011 [22].
The change in radii demonstrated a wide range of NO concentrations in the tissue with a
maximum percent difference of almost 30%. This significant change in concentration
showed the necessity of creating models with the correct lumen diameters to accurately
simulate in-vivo transport reactions. The data also showed that there was not a linear
correlation between the diameter of the vessel and the NO concentration that would be
generated. The 30 µm vessel produced less than the 50 µm vessel, and the 10 µm vessel
produced more than the 50 µm vessel. Thus, a ratio of velocity to diameter could help better
predict this phenomenon.
The change in velocity showed little impact when compared to the diameter of the vessel.
Varying the velocity from .015 cm/s to 1 cm/s, an increase of 85%, only showed an increase
in peak NO of ~ 1.18%. This minimal change with such a large velocity change lead to the
conclusion that the velocity above 0.15 cm/s would have little effect on the NO
concentrations throughout the model.
The ischemic simulations showed a surprising drop in NO concentration and showed the
lumen concentration decrease to ~ 2 nM as opposed to the nearly peak endothelial NO
concentrations seen in the steady-state simulations. The shape of this curve more closely
matched the original curve being compared in Figure 58, from Lamkin-Kennard [14]. These
simulations were done without the convection term to simulate ischemia. The drastic drop in
NO in this simulation showed the importance of the convective term in this model. The
convective term maintained an elevated peak NO concentration in the steady-state
simulation, where the ischemic value dropped nearly 80%. This was the result of an almost
constant NO concentration being convected in the lumen being nearly completely consumed
by the RBC’s as the blood becomes stagnant. This also leads to the conclusion that velocity
may play a more important role in NO concentrations below 0.15 cm/s.
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The ischemic simulations showed a direct correlation between vessel diameter and NO
concentration. The smaller the diameter the larger the NO concentration was generated. An
exponential rate of growth was observed showing a percent difference of ~ 7 % from 50 to
30 µm and a 65% increase was seen for an equivalently spaced jump from 30 to 10 μm. This
leads to the conclusion that the velocity to diameter ratio for NO generation would have an
exponential quality to it when the velocity was zero. This would also have a recognizable
pattern that smaller diameter vessels would yield the largest amount of NO in the tissue.
The ischemic drop in NO potentially sets up an NO spike when a reperfusion injury occurs.
Future work involving in a transient solution could be used to test this theory.
The pulsatile velocity profile was unable to converge a species transport solution. This
should also be looked at in the future work as this solution was transient and the time-step
and overall flow time for solution were educated guesses. The overall implementation of the
pulsatile flow with the species transport needs to be fully understood from both a solver
standpoint and a physiological standpoint.

7.3 T-Geometry Transport
The T-model comparison of NO in the tissue with the tube model showed a percent
difference of ~ 27 %. This large change is due to the large increase in the area of the tissue
layer in the T-model. The theory is backed up by showing a percent difference of less than
1% in the ischemic simulation.
The T-model confirmed intuitive theory as the maximum values of NO were seen at the
bifurcation. The higher concentrations were expected and suggested the model was running
correctly. The model also provided good insight in showing that the smaller diameter “arm”
of the T, had higher concentrations of NO as the distance between endothelial layers was
smaller than the main section of the T.
The ischemic simulation showed unexpected drops in NO yielding an almost 75 % decrease
in NO concentration. This however, supported all the tube model ischemic simulations and
potentially backs up the theory that reperfusion is the cause of NO spikes in the tissue. The
sudden return of Oxygen filled blood may create a quick NO spike in the surrounding tissue,
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which would not be seen in a steady-state simulation. The ischemic simulations also showed
the increase in NO surrounding the smaller diameter vessel which was proved in the tube
model ischemic simulations.

7.4 Y-Geometry Transport
The Y-model also showed a good comparison with the previous simple models showing a
percent difference with the tube mode in NO concentration in the tissue of 1.5 % and the Tmodel with 25%. The Y model was able to maintain the higher NO concentration in the
acute angle of the bifurcation which has two endothelial linings contributing to the
concentration. The bifurcation was able to compensate for the increase in tissue area seen in
the Y- geometry. The T- geometry maintains a significantly larger area and only has a right
angle bifurcation which was not able to counterbalance the effect.
This ischemic model furthered the theories and insights provided by the T-geometry and
varying radii simulations of the tube model. As the diameter reduced by half, the NO
concentration was elevated in the surrounding tissue. Also, as the bifurcation angle
decreased from 90° to 45° the NO concentration dramatically increased in the tissue. This
was seen in a number of locations in the network model as there were a large number of
branches interconnecting at a full range of angles.
The ischemic plot also showed great congruity with the other two models as the radial
comparisons between the Tube, T-geometry, and Y-geometry were at most 1% different with
a lumen radius of 50 μm. This continues to prove the convective term is vital for the
maintenance of an elevated NO concentration. This simulation also demonstrated the
potential creation of a NO spike due to a reperfusion injury.

7.5 Transport in Simple Geometries
Overall the simple geometries provided good insight and were vital in understanding the
inner workings of FLUENT. These models validated the FLUENT model and C++ source
terms which could not have been done using a network model alone. Without these models,
the code could not have been verified and implemented in the subsequent steps involving the
creation of a fill network model.
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Figure 105: Radial NO concentration for the steady-state 0.15 cm/s simulation of the simple models
along the horizontal section.

In Figure 105, the NO concentration during the steady-state 0.15 cm/s simulation was taken for each
of the simple models. The tube model showed the highest peak NO concentration of 62.26 nM
followed by the Y-geometry with 59.16 nM and then T-geometry with 46.65 nM. The larger drop in
the T-geometry was attributed to the increase in tissue allowing more area for NO to diffuse away
from the endothelium.

Figure 106: Radial NO concentration during ischemia for each of the simple models along the horizontal
section.
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The ischemic simulations for the simple models showed good congruity as the peak NO values were
13.88, 14.03, and 13.96 nM for the tube, T-geometry, and Y-geometry respectively. As seen in
Figure 106, the curves show a maximum difference of ~ 0.45 nM at upper wall of the model.

The simple models showed good congruity in both the steady-state and ischemic simulations.
The simple models also provided some insight into theoretical relationships between velocity
and vessel diameter as well as preliminary data suggesting a NO spike that is a major risk
factor for glaucoma.

7.6 Layered Network Model- Transport
The layered network model proved to be the biggest achievement of the project. The model
was able to show the complete lack of comparability between the simple and network
models. The significant percent differences from simple to network model were observed in
NO concentrations for the steady-state differences with a minimum difference of 33 % and a
maximum of 50 %. These findings suggest it may be simply unacceptable to validate in-vivo
concentrations using a simple model. This concept of incomparability was shown in 2007 by
Chen and Beurk [21] when the importance of capillary perfused tissue was demonstrated.
The importance of the network model was also proved by the radial differences created with
the tube models. The maximum radius seen in the network model was ~ 19.7 um and the
smallest radius seen was ~ 2.25 um. The wide range of vessel variability also yielded a wide
range of velocities. The relationship between velocity and vessel diameter was not fully
investigated in this project and needs to be looked into further. This would provide more
insight into the NO characteristics of the network model and could aid in the prediction of
NO concentrations.
The comparison of the ischemic peak endothelial NO concentrations between the network
model and the simple models was ~ 73 % for all 3 simple model geometries. These findings
also verify that it is unacceptable to validate in-vivo transport reactions with simple models
and shows the need for more network models simulating coupled O2 and NO reactions. The
percent difference in the PO2 also showed that the constant O2 concentration assumption for
the simple models would not be valid for the larger network model under ischemia. This is
the first documented case where O2 cannot be simulated as a constant.
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7.7 Flow Abnormality Conclusions
The steady-state values obtained in the network model provide the baseline NO concentration
to be used for comparison. It was clearly seen that an NO spike was not created during the
ischemic spell, but the NO concentration decreased significantly.
The solver in this study was set to calculate the solution at steady-state and could not show
the theoretical spike of NO during reperfusion. Intuitively, the decrease in NO during
ischemia potentially sets up a large spike in NO during reperfusion as the overstimulation of
ROS occurs. The rapid change in oxidation and NO generation could create a temporary
overshoot of NO causing apoptosis in the RGC’s.
The simulations provide enough insight that a hypothesis was made that the pulsatile flow
would not increase the NO concentrations, but actually decrease the concentration. The large
jump in NO from ischemic to a velocity of .15 cm/s would suggest that a slower velocity
should yield less NO and fall between two NO concentrations.

7.8 Goals
The main goals of the project were to create a large image based network model of the
microvasculature around the optic nerve head, create and validate CFD model coupling O2
transport along with NO generation and transport, and to show the feasibility of creating a
complicated network model using FLUENT. Aim 1 was achieved by creating a large network
model from an LSM image of the arteriole network in the choroid near the optic nerve head.
The model is fully scaled and is the most accurate, complex, human-like, flow model to date.
Aim 2 was also achieved as a coupled O2 and NO transport process was created matching the
peak NO concentration value from Lamkin-Kennard [14] to a percent difference of ~ 1.1 %.
The simple transport models also provided a large amount of insight into the pathogenesis of
glaucoma as steady-state, ischemia, and reperfusion were simulated. The importance of the
convective term was shown in the maintenance of an elevated NO concentration throughout
the model, as the ischemic simulations showed NO concentration drops of up to 78 %. Aim
3 was also achieved as a layered network model was created and coupled with species
transport in FLUENT. The network model coupled with O2 and NO transport was the
outstanding achievement of the project as the framework for a complete species transport
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model has been completed. The network model proved the incomparability of simple models
to the network model and the need for the coupling of species transport as the model proved,
for the first time, that oxygen could not be assumed a constant. The model also provided
insight into the possible effects of the flow abnormalities and the role on the pathogenesis of
glaucoma. This insight could prove invaluable to researchers as the next step has been taken
to determine the underlying cause of glaucoma.
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